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Abstract 


We review applications of string theory to cosmology, from primordial times to the present-day accelerated expansion. 
Starting with a brief overview of cosmology and string compactifications, we discuss in detail moduli stabilisation, 
inflation in string theory, the impact of string theory on post-inflationary dynamics (reheating, moduli domination, 
kination), dark energy (the cosmological constant from a string landscape and models of quintessence) and various 
alternative scenarios (string/brane gases, the pre big-bang scenario, rolling tachyons, ekpyrotic/cyclic cosmologies, 
bubbles of nothing, S-brane and holographic cosmologies). The state of the art in string constructions is described 
in each topic and, where relevant, connections to swampland conjectures are made. The possibilities for novel par- 
ticles and excitations (axions, moduli, cosmic strings, branes, solitons, oscillons and boson stars) are emphasised. 
Implications for the physics of the CMB, gravitational waves, dark matter and dark radiation are discussed along with 
potential observational signatures. 


Keywords: Early universe cosmology, String Theory, Inflation, Dark Energy 


Contents 

1 Introduction al 

2 Cosmology [6] 
2.1 Evolution of the Universe Filled with a Perfect Fluid .. .. aoaaa 0.202004 
23 Major Events ss ecs dear ed Gk Ge Oe eE Aa bw ea E ea e p] 


23 Cosmological Inflation o cea aa a e e ao ee 
2.3.1 Slow-roll conditions . .. aoaaa ee 
2.3.2 Primordial fluctuations... . ooa a ee 
2:3:3 Scade dependences se 6 ccc a e ap ae a a e aa a e we we ROR Be B a E 
2:34.. Leyth bound». 2% « sp ec eh p EES & ae a de a wd e e E ae Ae 
2.3.5 Current inflationary constraints... . . ooo ee 
2.3.6 Inflationary models, a selection .......... 0... 00.0000 0000002222, 
2.4 Multi-fieldInflation........... 2. ee ee 
2.4.1 Slow-roll in multi-field inflation .. 2... 0.0.20... ....0....0...0...000. 
2.4.2 Cosmological perturbations, the multi-fieldcase.....................000. 


“Corresponding author 
Email addresses: michele .cicoli@unibo.it (Michele Cicoli), joseph. conlon@physics.ox.ac.uk (Joseph P. Conlon ), 
anshumanmaharana@hri.res.in (Anshuman Maharana), Susha.Parameswaran@liverpool.ac.uk (Susha Parameswaran), 
F.Quevedo@damtp.cam.ac.uk (Fernando Quevedo), e.i.zavalacarrasco@swansea.ac.uk (Ivonne Zavala) 


Preprint submitted to Physics Reports March 10, 2023 


2.4.3 Spectator fields during inflation . . . . 2.2... 0.0... 2.0.0... 0.00.00... 000. 


2S- “QUINTESSENCE: neisa g BCR He See ele BS ROR ewes E RR Oe RS | Ae eS ee 
2.6 Possible Tensions with ACDM? .......... 0... 00.0002 e 
Moduli 
3.1 String Compactifications . .. . aoaaa e ee 
3.2 General Properties of Moduli... . o aoaaa a 
33. Moduli Stabilisation... sa pe sarie ee e E A 
3.4 Moduli Stabilisation: WB...) auaa 
3.4.1 The KKIT construction ........... 0.0.0.0... 0200000000000 00004 
3.4.2 The Large Volume Scenario .... aoao ee 
3.4.3 Attractive features of IIB models... .............. 0.0... 0 0000000004 
BAA De Sitter mn MB i cei geese, Boe a, Ae oe Ge Site he Pa Scere Goa a ae Rats Boel, SS 
3.4.5  OpendirectionsinIIB < sose s so 2.0... . 2.0.00... 00000002 eee 
3.5 Moduli Stabilisation: The full diversity of scenarios... 2... 2... 2.0.2.2... 02000000040. 
3.5.1 Moduli stabilisation in type IIA ... 2... . 2. a 
3.5.2 Moduli stabilisation in heterotic strings ............. 0.0... . 0000-00004 
3.5.3 Moduli stabilisationintypel.... 2.2... 0.00.2... 0.000.000.2000 00004 
3.5.4 Moduli stabilisation in M-theory . . . 2... 2.2.0.0... 0.000.000.0000 0004 
3.6 Holographic Approaches to Moduli Stabilisation .....................0..00.0. 
3.7 Other ApproachestodS.. 2... sssaaa aaa 
3:8. Vacuum Transitions sg 56544 e056 44 eee ae es ee ap ee eee Se eo eS ee a 
String Inflation 
4.1 Embedding Inflation in String Theory ..............2....0 0... 2.2.0.0... 000. 
4.1.1 Motivations for String Inflation ............... 2.0... 0.....0.. 0000. 
4.1.2 Requirements for String Inflation . .. aoaaa 
4.2 Single-Field Inflation... 2... ee 
4.2.1 Exponential Potentials from Saxionic Shift Symmetries... ...............0.. 
4.2.2 Trigonometric Potentials from Axionic ShiftSymmetries.................0.. 
4.2.3 Power-law Potentials from Axionic ShiftSymmetries...................0.0. 
4.2.4 Potentials in the Absence of Explicit Symmetries .....................0.0. 
4.2.5 Single-field String Inflation and Cosmological Observables...............00.0. 
4.3: Multi-Field Inflation . 2.0. be bea eee eR ee Eee ee ek eee 
4.3.1 Multi-field D-brane inflation ................ 0.0.2... .000.000.0000. 
4.3.2 Closed string multi-field inflation and spectator fields . . . 2... 2... 2 ee 
Post-Inflation 
5.1 The Standard Cosmology... 2... aa a 00... 000 a ea ea a a Su e N edea a E 
5.2 The Overshoot Problem . s sp sescca cade dnp aesa e a a a a 
5.3 The Road to a Solution: Rolling and Tracker Solutions . . .. aoaaa 
5.4 Moduli Domination . . . o. o ee 
5.5 Aspects of Moduli-Induced Reheating ... . ooo 20... 2.000.000.0000 0000.4 
5.5.1 The Cosmological Moduli Problem . .. aoaaa a 
5.5.2 Dark Radiation Constraints on Moduli Decays . . . o.o aaa a 
5.5.3 Moduli-Induced Gravitino Problems . . . . osaa a 
5.5.4 Post-inflationary History and Predictions from Inflation . . . . oaoa a 
5.5.5 Finite-temperature Corrections and Decompactification. . . . . ooo oa e a 
5.5.6 Baryogenesis and Moduli-Domination . . . . o soaa 
5.6 Non-thermal Dark Matter from String Theory . .. oaoa e 
5.6.1 Non-thermal WIMPs . .. ooa a 
5.6.2 QCD aXiÓN- o 6 pocece kieh o Ee RAS Se Ee OR ea E De ee 100 


5.6.3 Fuzzy dark matter 


9 Acknowledgements 


References 


5.6.4 Dark Matter and the Interplay between Inflation and Post-Inflation............... 
5.7 Oscillons and Moduli Stars... 2. e 
5.8 Cosmic Strings and Superstrings .. 2.2... ee 
6 Dark Energy 
6.1 Dark Energy as Vacuum Energy .... 2... . 20... 2. 
6.1.1 The cosmological constant problem ............... 0... 000000000004 
6.1.2 The anthropic principle and the string theory landscape... ..............00.0. 
6.1.3 Open questions onthe landscape... 2... 2... 2. ee 
6.2 Dynamical Dark Energy/Quintessence in String Theory ......................00.. 
6.2.1 Challenges for quintessence .. 2... . 2... ee 
6.2.2 Runaway quintessence — single field... ............ 0.2.20... 2.0. 0000. 
6.2.3 Hilltop quintessence ss sc se c sare da e ee ee 
6.2.4 Axions as quintessence... . o.oo ee 
6.2.5 Branes, extra dimensions and string symmetries . . . . osoo a 
6.2.6 Dark energy and the swampland ................. a 
6.2.7 Multi-field quintessence .... ooa e 
6.2.8 Coupled dark sector models . . .. ooa aa 2.20.00... 000.000 0000. 
6.2.9 Time-dependent compactifications . . . . . sooo a 
6210" Barly dark eere yoe mnipe oa w Bee ORE oe ee oe eA ee ek IAA 
7 Alternatives 
7.1 Time-dependent String Backgrounds . . .. oaoa ee 
7.2 String/Brane Gas Cosmology... oaoa 
7:3 Pre Big-Bang Cosmology... a cioe ees Sk a ep BA eae BO A he a a a 
7:4: Ekpyrotic/Cyche.Scenano. 2. 204 se e885 ou be SRE se wed cee Phd eee ee 
T: The‘ Rollins, Tachyon 4.2 isnc 2454S R BUS oO Meh Pee Gdae sb Ae tw SR eee OES 
7:6: S-BIANeSy soe ose ek hE HO ER A Bp ee we ORS oe ee RS ee gs RES 
7.7 Swampland Conjectures 2... scera ea ra ed e e a E a e E 
7.8 Bubbles of Nothing and the Wave Function of the Universe... noaoae 
7.9 Holography and Cosmology .......... 0.0.00 0 eee 
8 Outlook 


101 
103 
106 
108 


1. Introduction 


We are living in a golden age for cosmology. The exquisite precision with which the power spectrum of density 
perturbations of the cosmic microwave background (CMB) has been measured over the past 25 years is simply spec- 
tacular. The surprising discovery of the accelerated expansion of the universe in the present epoch, also around 25 
years ago, has given rise to arguably the biggest puzzle in physics: dark energy. This, combined with ever improving 
observations of the large-scale structure of the universe and the compelling evidence for the existence of dark mat- 
ter, has made cosmology a precision science dominated by big data at all scales. The standard model of cosmology, 
ACDM, has only a handful of parameters but provides an accurate match to most observations. A successful scenario, 
inflation, has emerged as the standard description of early universe cosmology that addresses the main puzzles of 
the Big Bang model (flatness, horizon, monopole problems) and, most importantly, provides the seed for the density 
perturbations imprinted in the CMB. Its theoretical predictions fit remarkably well with observations. 

However, unlike the Standard Model of particle physics, which is a well defined theory with concrete predictions, 
the standard model of cosmology, including inflation, is not based on an underlying theory. This is a fundamental 
issue given that early universe cosmology involves temperatures and energy scales which are higher than those probed 
in our laboratories. At these scales, we do not have a complete theory. Furthermore, in contrast to particle physics, 
gravity cannot be neglected when addressing questions in cosmology. Therefore, in order to address the physics of the 
early universe, we need to have a well defined theory of gravity which also includes all other interactions. There are 
also puzzles at the longest wavelengths. Formulating quantum mechanics in an accelerating spacetime (such as the 
present universe) is subtle as it is tied to various conceptual issues of quantum gravity. Over more than 35 years, string 
theory has emerged as the most promising candidate for providing a consistent quantum theory combining gravity with 
all other particles and interactions. Yet, string theory still lacks concrete predictions that can be tested experimentally 
with today’s technology and needs to be developed further so that it can be confronted with potential observations 
in the not too distant future. Establishing the connections between string theory and cosmology is therefore one of 
primary importance for fundamental physics 

Not surprisingly, there have been many attempts to extract information from string theory regarding its potential 
cosmological implications. This is not an easy task as our understanding of string theory is still incomplete. It is not 
yet possible to answer questions tied to the Big Bang singularity in the context of string theory. Nevertheless, there are 
many cosmological questions that can be addressed by string theory. In particular, deriving models of cosmological 
inflation from string theory is a difficult but achievable task, as is the physics from the end of inflation to the present 
epoch which covers a range of energies and temperatures many orders of magnitude and may, in a logarithmic scale, 
correspond to up to half of the expansion of the universe. In addition, string theory can lead to various exotic phases 
in the (early) universe or consistency conditions that have distinct implications for cosmology. These alternatives are 
the least understood but some of the most exciting directions to explore in string cosmology. 

String cosmology is a natural meeting point for many disciplines. String theory has a large number of degrees 
of freedom in addition to those associated with the Standard Model and gravity. Many of these can be light and of 
direct relevance for cosmology. Of particular importance are moduli — the fields that control the shape and size of the 
extra dimensions, thereby setting the magnitude of couplings in the 4-dimensional effective field theory. Moduli are 
also ideal candidates for inflatons and often acquire non-trivial time dependence in post-inflationary string cosmology 
leading to differences from the standard cosmological timeline. In the present epoch, all moduli must be pinned to 
their minima or be very slowly rolling. Thus, whether it be the early universe or the present epoch, understanding 
the potential energy functional for moduli fields and their dynamics is central to string cosmology. Therefore, string 
cosmology requires a deep knowledge of string compactifications (dimensional reduction and derivation of low energy 
effective actions that arise from string theory) — this involves many aspects of modern mathematics. The study of 
alternatives often requires understanding string theory in novel regimes and has the potential to provide an answer to 
the question: What is string theory? Furthermore, addressing questions such as the dimensionality of spacetime and, 
as most theorists believe, how spacetime itself may emerge from a fundamental theory, may lie in the domain of string 
cosmology. 

Finally, from the point of view of a pragmatic cosmologist, string theory can be thought of as a black box which 
continually generates interesting models and scenarios. These have served as a useful driver for both theory and 
observational targets in cosmology. String cosmology thus brings together many areas and its study is not only central 
to our understanding of fundamental physics but also for advances in these areas. 
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This review aims to give a concise overview of the state of the art in the subject. It is structured as follows. Sec. 
2 provides a brief review of cosmology. After quickly going through Freedman-Lemaitre-Robertson-Walker (FLRW) 
cosmology and the history of the universe in the standard model of cosmology, we describe the physics of inflation. 
We discuss how inflation provides a theory for generating inhomogeneities in the universe, thereby allowing it to 
connect to precision observational cosmology. We also introduce quintessence — the possibility that the acceleration 
of the present universe is due to a slowly rolling scalar field. 

Sec. 3 deals with string compactifications and moduli fields. After providing a general overview of moduli, we 
discuss moduli stabilisation in various string theories. A summary of various scenarios to obtain de Sitter space (as a 
model of the universe in the present epoch) is provided, emphasising the general achievements and challenges. 

Sec. 4 is on inflation in string theory. Here, we begin by describing why it is necessary to embed models of 
inflation into theories of quantum gravity and the challenges for inflation in string theory. We present a list of well- 
established string theoretic models of inflation classified according to the form of their potential. We also give a 
“report card” in the form of a table which shows how each of these models fares when confronted with observations. 

Sec. 5 is on the post-inflationary epoch between the end of inflation and the start of the Hot Big Bang. We start 
by discussing reheating in the context of string cosmology and identify the cosmological moduli problem, which is 
a generic outcome of string cosmology. We go on to describe modifications of the standard cosmological timeline 
(such as epochs of moduli domination and kination) which are natural in string cosmology. Opportunities and chal- 
lenges in the context of dark matter and dark radiation are summarised and concrete sources of inhomogeneities and 
gravitational waves are identified, such as oscillons. 

Sec. 6 is on dark energy (the present day constituent of the energy budget of the universe that is driving accel- 
eration) in string theory. It is divided into two main parts — dark energy arising from a cosmological constant term 
(a de Sitter solution) and dynamical dark energy (quintessence). In the first part, after describing the cosmological 
constant problem we discuss how the string landscape (an enormously large number of string vacua with finely spaced 
values of the cosmological constant) offers a potential, if controversial, solution to the problem. In the second part, 
interesting avenues to construct models of quintessence in string theory are discussed and the associated challenges 
are outlined. 

Sec. 7 deals with alternatives to the standard cosmology. We discuss string gas cosmology, the ekpyrotic/cyclic 
universe, rolling tachyon cosmology, pre-Big Bang cosmology, S-branes, holographic models and models including 
creation or decay to nothing. This section also discusses the swampland approach, which aims at determining consis- 
tency conditions (and their physical implications) that an effective field theory must satisfy so that it can be embedded 
in string theory or any theory of quantum gravity. We conclude in Sec. 8. 


2. Cosmology 


The dynamics of our universe is described by Einstein equations in the presence of matter. The Friedmann- 
Lemaitre-Robertson-Walker (FLRW) metric describing the evolution of the Universe is based upon the assumption 
of homogeneity and isotropy, which is approximately true on large scales. These assumptions determine the metric 
up to an arbitrary function of time, a(t), the scale factor, which measures the time evolution of the Universe, and a 
discrete parameter k = —1,0,1, which determines the 3-dimensional curvature of the Universe, namely whether it is 
respectively open, flat or closed. 

Small deviations from homogeneity at early epochs played a very important role in the dynamical history of our 
universe. Small initial density perturbations grew via gravitational instability into the structures that we observe today 
in the universe. The temperature anisotropies observed in the Cosmic Microwave Background (CMB) are believed 
to have originated from quantum fluctuations generated during an inflationary stage in the early universe, which 
we review in Sec. In this section we review the main features of the homogeneous and isotropic cosmology 
necessary for the subsequent sections. For dedicated accounts of the standard ACDM cosmology and the growth 
of cosmic structure, we also refer the reader to e.g. Ml. More technical summaries of recent progress and 
challenges can be found in [5]{6)[7]. 


The FLRW metric can be written as: 


ds? = -dt + a(t) [ar +f (ae + sin’ 0d¢”)| y (1) 


where 
sinr if k=+l1, 


f(r) = r if k=0, 
sinhr if k=-1. 


The dynamics associated with the scale factor a(t) is determined by Einstein’s equations: 


1 
Guy = Rw- 78k = 8n G4T,,, (2) 


provided the matter content encoded in the energy-momentum tensor T, is specified. Let us consider an ideal perfect 
fluid as the source of the energy momentum tensor. In this case we have: 


Tř, = diag (—p, p, p, p) , (3) 


where p and p are the energy density and pressure of the fluid, respectively. 
Einstein’s equations for the metric (1) and energy-momentum tensor (3) give the two independent equations: 


8nG4 k 
H? = ——p- — 4 
3 PTR 4) 
a 4nG. 
Bs SO aie. (5) 
a 3 


where H is the Hubble parameter (function), defined as 


H=Å. (6) 
a 


The energy momentum tensor is conserved by virtue of the Bianchi identities, V, 7” = 0, leading to the continuity 
equation 


p+3H(p +p)=0, (7) 
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which can be derived also from Einstein’s equations above, (4), (5). Notice already that eq. (5) implies that in order 
to have accelerated expansion, that is å > 0, the energy density and pressure must be such that 


(0 + 3p) <0. (8) 
One can write eq. (4) in the form 
k 
Qa) - 1 = —, 9 
Ole (9) 
where we defined the dimensionless density parameter 

p(t) 3H) 
Q(t) = : c(t) = 3 10 
Ory PO uG (10) 


with pe the critical density. From here we can see that the matter distribution determines the spatial geometry of our 
universe: 


Q>1 o p>pe > k=+l, 
Q=1 o p=pe > k=0, 


Q<1 o p<p > k=-l. (11a) 


Observations indicate that the current universe is very close to a spatially flat geometry [8]. This is actually a 
natural result from inflation in the early universe (see below). Hence, in this section we consider a flat universe (k = 0, 
Q = 1). But we will keep an open mind regarding the spatial curvature when we discuss string constructions. 


2.1. Evolution of the Universe Filled with a Perfect Fluid 


Let us now consider the evolution of the universe filled with a barotropic perfect fluid with an equation of state of 
the form 
p=wp, (12) 


where w is a constant when the perfect fluid corresponds to matter, radiation, and vacuum domination (see Tab. p. 
Using the equation of state we can solve Einstein’s equations to obtain (for w + —1) 
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SETTEN es 
a(t) œ (t = to) 35 , (14) 
pox qty) | (15) 


For w = —1, we see from eq. that the energy density is constant. In this case, the Hubble rate (4) is also constant 
and so the evolution for the scale factor is: 
axe, (16) 


which is a de Sitter universe. We show in Tab. []the behaviour of p and a(t) for typical equations of state. Using the 
equation of state in eq. (5), we see that an accelerated expansion occurs whenever 


w<-1/3. (17) 


In order to explain the current acceleration of the universe, we require an energy density, ‘dark energy’, with equation 
of state satisfying eq. (17). 

The different equations of state satisfied by radiation, matter and dark energy (see Tab. |1) imply that their relative 
abundances differed in the past universe, since their energy densities evolve very differently as the universe expands. 


Stress Energy w Energy Density Scale Factor a(t) 
Matter w=0 Pm ~ a” a(t) ~ 23 
Radiation w = 1/3 pr~ a a(t) ~ t 
Kinetic energy w=l pke ~ a a(t) ~ CP 
Vacuum (A) w= -1 Pa~ T a(t) ~ exp( VA/3 t) 


Table 1: Scale factor and energy density behaviour for matter, radiation, kinetic energy and vacuum dominated universes for k = 0. 


The current measurements of the present-day Hubble scale, Hp, tell us the present value of the total energy density 
Pr = }ipi, of the universe. The present value of the Hubble parameter is measured to bd!] Ho = 100 ho kms~!Mpc!, 
which gives, via (5) with k = 0, 


3 2. —27 3 
ot ~ Pe = — H; ~ 107k : 18 
Prot ~P 8nG4 0 g/m (18) 


The Friedman equation (5) can then be rewritten as: 


(19) 


with Q; (see eq. (10)) the present-day fraction of energy density contributed by each fluid component and with i 
running over all components. At present, there is good evidence for the following four components of the cosmic 
fluid: 


a) Radiation, with equation of state parameter w = 1/3 and whose energy density is dominated by CMB photons. 
The total energy density of radiation today is a small fraction of the present total energy density with Q, ~ 107+. 


b) Baryons, with equation of state parameter w = 0, corresponding to ordinary matter (i.e. nucleons, atoms), whose 
fraction is Qg = 0.04. 


c) Dark Matter, also governed by an equation of state parameter w = 0, whose fraction is observationally determined 
to be Opm = 0.27. Since both baryons and matter have the same equation of state, they can be put together to give 
the total matter density fraction as Q,, = Og + Qpm = 0.31. 


d) Dark Energy, with equation of state parameter w = —1. Over the last two decades, the evidence for the current 
accelerated expansion of the universe has accumulated, giving the largest contribution to the total energy density, 
Qa = 0.69. 


Using the present day values, we can write the Hubble parameter more generally as: 


82G 
H = pr = 3H2 Qn e" +3H2 OQ, e^" + 3H On, (20) 


where we introduced the number of e-foldings, N = Ina, and ag = 1 today. Because each term varies so differently 
with time, the history of the universe can be decomposed into different epochs during which one or another term 
dominates the expansion and so controls the overall change in pr, as we show in Fig. 


'The constant ho ~ 0.73 accounts for the uncertainty in Ho. 


107106 + J 


107111 


Pm 

107116 Pr 

PA 

a Ta T a PT 
407126 l l , , , ; 
~12 -10 -8 -6 -4 =2 0 


Log[a] 


Figure 1: Energy density evolution for radiation p,, non-relativistic matter pm, (constant) dark energy pa and the total energy density, pr as a 
function of the scale factor in Planck units with ap = 1 today. 


2.2. Major Events 

The Hot Big Bang model for cosmology assumes that the universe was initially a hot soup of elementary particles 
at a very high temperature. In broad terms, the subsequent evolution describes the cooling of this hot soup as the 
universe expands. Indeed, conservation of entropy (for relativistic particles with a constant number of species) implies 
that temperature falls as 


T(t) = (2) l (21) 


and can be used as an alternative to time to parameterise the history of the universe. There are two main consequences 
of such an expansion and cooling: 


1. Reaction rates in dilute systems are generically proportional to the number of participants per unit volume, 
because the reactants must be able to find one another before they are able to react. Since particle densities fall 
as the universal volume grows, reaction rates also fall. Thus interactions between particles freeze out when the 
interaction rate drops below the expansion rate. This implies that one of the main trends of cosmology is that, 
as the universe ages, thermal and chemical reactions fall out of equilibrium. 


2. A consequence of the previous point is the appearance of bound states of particles as the universe ages. Al- 
though the reactions forming bound states can always occur, at the earliest epochs temperatures are high enough 
to ensure that collisions very efficiently destroy these bound states, leaving very few to survive in equilibrium 
conditions. As the temperature drops, the inter-particle collisions become less violent and eventually the re- 
actions of formation can dominate to leave a population of primordial relic bound states. Moreover, in an 
expanding universe, broken symmetries in the laws of physics may be restored at high energies. At very early 
epochs, phase transitions are also expected to play an important role in the cosmic evolution, but as yet there is 
no direct evidence that such transitions took place. 


The main events constituting the history of our universe can be summarised as follows (see Tab. p}. 


e Att ~ 107® s (10° GeV), we are near the Planck scale, where we expect quantum gravity effects, such as those 
of string theory, to dominate and general relativity not to be valid. One of the fundamental issues of spacetime 
structure at the Planckian scale is the question of cosmic singularities. It is expected that these problems will be 
addressed in the, as yet not definitively known, non-perturbative quantum gravity theory. 


e The period from t ~ 10-* — 10714 s corresponds to temperatures of around T ~ 10!° GeV - 104 GeV, which are 
not foreseeably accessible by accelerators. In this sense, the universe can be used to test fundamental physics 
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Brief History of our Universe 


Figure 2: A schematic representation of the different epochs and their temperatures within the history of the universe in the standard ACDM 
cosmological model. 


relevant at this scales, such as supersymmetry, grand unification, string theory, extra dimensions, and other 
theories. Perhaps the most interesting phenomenon in the above energy range is the accelerated expansion of the 
early universe, inflation, which, as will be discussed below, likely occurred somewhere near grand unification 
scales. 


e The epoch from t ~ 10714 — 107!° s, corresponding to temperatures of T ~ 10* GeV - 100 GeV, may be acces- 
sible by accelerators. In particular, the standard model of the electroweak and strong interactions is applicable 
here. 


e Att ~ 10% s, the corresponding temperature T ~ 200 MeV, the QCD scale, where the quark-gluon transition 
takes place. 


e Between ¢t ~ 0.2 s and 200 — 300 s (where T ~ 1 — 2 MeV at the start and T ~ 0.05 MeV at the end), we have 
temperatures at the nuclear physics scale. Two important events happen during this period. First, the primordial 
neutrinos decouple from the other particles and subsequently propagate without further scatterings. Second, the 
process of primordial nucleosynthesis takes place. The initial conditions for this are set by the ‘freeze out’ of 
the ratio of neutrons to protons, when the interactions that keep these particles in chemical equilibrium become 
inefficient; the number of the surviving neutrons subsequently determines the abundances of the primordial 
elements. As nuclear reactions become efficient, previously free protons and neutrons form helium and other 
light elements. The abundances of the light elements resulting from Big Bang Nucleosynthesis (BBN) are in 
very good agreement with observations, and this strongly supports our understanding of the universe’s evolution 
back to the first second after the big bang. 


e t~ 10!!s(T ~ eV). This time corresponds to matter-radiation equality, which separates the radiation-dominated 
epoch from the matter-dominated epoch. 


e Att ~ 10! — 10" s another two related important event happens. During so-called ‘recombination’, nearly 
all free electrons and protons combine to form neutral hydrogen. At this stage, the photons decouple and 
the universe becomes transparent to the background radiation. The Cosmic Microwave Background (CMB) 
temperature fluctuations, induced by the slightly inhomogeneous matter distribution at photon decoupling, form 
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and survive to the present day, delivering direct information about the state of the universe at the last scattering 
surface. 


e Finally, at our present time t ~ 10!° — 10!” s, galaxies and their clusters have formed from small primordial 
inhomogeneities as a result of gravitational instability. An important question regarding this period is the nature 


of both dark matter and also the dark energy which is driving the present day accelerated expansion. 


Temperature Time Particle Physics Cosmological Event 
10GeV 107s Quantum Gravity Gravitons decouple? 
arang Daitcanon Inflation? Topological 
10'°GeV - 10?GeV | 1073s - 107!2s Desert? String theory? poog 
: ; defects? Baryogenesis? 
Extra dimensions? 
10° GeV 107 s Electroweak Breaking Baryogenesis? 
0.3 GeV 10 s QCD scale Quark-Hadron transition 
10 -0.1 MeV 10-2 - 102 s Nucor Physis | ee 
nos decouple 
10eV 10!! s Atomic Physics Scale Romi tormed, CMB, 
Matter domination 


Table 2: Brief history of our universe. Temperature units can be transformed to Kelvin using the conversion factor 1 GeV = 1.16 x 10”? K. 


The standard cosmological model just discussed describes a simple and consistent picture of the relatively recent 
universe, which is able to account for the many available observations of the overall structure and evolution of the 
universe. This picture bears up to scrutiny very well, at least for all times after the epoch of BBN. This success 
however, comes with some drawbacks, which can be summarised as follows: 


e The horizon problem. The CMB radiation, first discovered in 1964, is known with excellent precision and is 
landmark evidence of the Big Bang origin of the universe. One of its most striking features is that its variations 
in intensity across the sky are tiny, less than 0.01% on average. It follows from this that the universe was 
extremely homogeneous at the time of recombination. Assuming the standard expansion of the universe, we 
receive the same physical information from causally disconnected regions of space. It is (apparently) a puzzle 
why the radiation is so uniform. 


e The flatness problem. The most recent results from the CMB are consistent with a flat universe. Namely, the 
position and height of the first acoustic peak on the spectrum of the CMB provides evidence for Q = 1 (see mip 
[8]. The flatness problem refers to the fact that for Q to be so close to one at present, it had to be essentially one 
in the early universe to extraordinarily high precision, which also constitutes an apparent puzzle. 


e Dark matter & Dark Energy. The standard cosmological model, supported by the most recent data [8], postu- 
lates the existence of two new forms of matter, namely dark matter and dark energy, for which there is no direct 
evidence from particle physics or from Earth-based experiments. 


— Dark matter: Besides CMB evidence for dark matter, the survey and study of the behaviour of matter, 
such as rotation curves of galaxies, at many different scales, has given evidence that there should be a new 
kind of matter, not present in the standard model of particle physics. This plays an important role in the 
explanation of the large scale structure formation. We still do not know what dark matter is: is it a particle, 
or some sort of massive compact object present in the universe? 


— Dark energy: Recent results form the study of high redshifted supernovae, combined with CMB results 
provide strong evidence for the fact that the universe is accelerating today (Ina ~ —0.34, see Fig. p. This 
indicates that there should be a form of ‘dark energy’ satisfying eq. (p + 3p) < 0 and thus causing 
the universe to accelerate today. Either an effective cosmological constant or a time varying scalar field, 
called quintessence, are the main proposals for this dark energy. 
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All of these problems are strong guides as to the nature of necessary extensions beyond the Hot Big Bang, and in 
general to the need for physics beyond that contained in the Standard Model of particle physics. 


2.3. Cosmological Inflation 


Cosmic Inflation was initially motivated as a way to address the flatness and horizon problems above. Quite 
compellingly, it was later found that it also provides a simple explanation for the origin of the primordial density 
fluctuations which seeded the observed temperature fluctuations of the CMB and the formation of galaxies through 
gravitational collapse. 

The main idea behind inflation is that the universe underwent a period of accelerated expansion at some point 
in its very distant past. If the inflationary period is long enough, it rapidly flattens the universe, solving the flatness 
problem. It also explains why some regions could be in causal contact with each other, solving the horizon problem. 
Requiring that inflation solves both the flatness and horizon problems, one can estimate that inflation should last for 
N = 60 e-foldings. 


An accelerated expansion implies that 
a>o. (22) 


Using (6) we can express this condition as 
“= HP [l-ed>0, (23) 


a 


where we introduce the s/ow-roll parameter e, defined as 


(24) 
and thus the condition for an accelerated universe is encoded in the requirement that 
e<l. (25) 
Using (4) and (7) in (24), we can write e as 
3 
c= 51 +w), (26) 


and thus € < 1 implies the condition (17) for an accelerated expansion, as seen previously. 
This is equivalent to the statement that the comoving Hubble radius (aH)! shrinks in accelerated expansion, 
rather than the growing behaviour of radiation and matter dominated phases. That is, 


d 1 
—(aH)! = —- [1 -— €] <0. (27) 
dt a 
In a universe dominated by a fluid with equation of state p = wp, the comoving Hubble radius behaves as 
Sje (28) 


and thus again we see that e < | implies that the comoving Hubble radius decreases, while for € > 1, it increases. For 
example, during matter domination w = 0 and € = 3/2, while during radiation domination w = 1/3 and e = 2. Note 
that as soon as the condition e < 1 fails, inflation ends and thus we can define the end of inflation as e ~ 1. 

In the de Sitter limit, € — 0, the space grows exponentially as in (16). More generally, an inflationary expansion 
requires a somewhat unconventional matter content. Indeed, from (5) we see that, for a universe supported by a perfect 
fluid, the energy density and pressure should satisfy 


pt+3p <0, (29) 
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Figure 3: An illustration of the standard picture of slow-roll inflation ending in fast roll of the inflation to a minimum and subsequent reheating of 
the universe. 


that is, the overall pressure of the universe should be negative p < —p/3, which corresponds to a violation of the strong 
energy condition (SEC)P{Phis occurs in neither radiation nor matter dominated phases (for which p = p/3,p = 0 
respectively). However, one simple energy source that can drive inflation is the positive potential energy of a single 
(canonically normalised) scalar field with negligible kinetic energy. As we will encounter later, other alternatives are 
also possible. 


2.3.1. Slow-roll conditions 
Let us consider a single (canonically normalised) scalar field, the inflaton, with potential energy V, coupled to 


gravity. Its action reads 
1 Ry 1 


S= Seala P 5 One Hy — V(y)|. (30) 


Although the inflaton can in principle depend on both time and space, inflation rapidly smooths out spatial variations, 
and thus for the background evolution, it suffices to study] y = y(t). In a spatially flat FLRW spacetime the 
variation of the action with respect to ọ gives 


$+3Hp+ Vy =0. (31) 


The energy momentum tensor of the field derived from gives 


1 
Tuv = OpPOve — Euv Ka + vo] : (32) 


In the flat FLRW background, the energy density and pressure of the scalar are found to be 


1 

Pe = 5% + VQ), (33a) 
1 

Po = 5% -V(y). (33b) 


?The SEC for a perfect fluid states that p + p > 0 [9]. 
3The spatial dependence will be relevant later for the quantum fluctuations of the inflaton. 
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With this, eqs. (4) and (5) yield 


> 82 G4 g 
we = Sm (5 vo) l (34) 
a 82G4/. 
(= -—3—(?-v@). (35) 


We now introduce the slow-roll conditions. A nearly exponential expansion can be ensured by the requirement that 
the fractional change of the Hubble parameter per e-fold N is small, that is € « 1 (see eq. (24)). In terms of the 
inflaton, ọ, this can be written as (from now on we use Mp rather than G4) 
„2 
g 
c= —— <1 36 
2M2 H? ) 
Requiring that inflation lasts for a sufficiently long time that the horizon problem is solved is equivalent to requiring 
that e remain small for a sufficient number of Hubble times, which is measured by the second slow-roll parameter, n, 
defined as 


é dH ~ 
= — = — +2€=2—— +2e. 37 
=e a Ho € (37) 
This then implies that 6, < 1, where we defined 
é 
ôy = >. 38 
"a p (38) 


Using the Friedman equation (34), we See that the first slow-roll condition (36), implies that ~* < V and therefore we 
can write (34) as 


(39) 


Moreover, using (38), we can write as 
3Họ + Vy = 0. (40) 


In the present case of a single scalar field, we can write the slow-roll conditions and (equivalently (37)) 
solely in terms of the scalar potential and its derivatives as follows. From the condition (36), using and (39), we 


arrive at 
M2, [VV 
a (te) se (41) 


2\V 


which is the first potential slow-roll parameter. Next, using the conditions and in (38), we obtain 
2 Veg 
Ma te<l, (42) 


and so therefore introduce the second potential slow-roll parameter, ny, 


V, pp 


V (43) 


nv = Mp, 


Thus, in single field inflation, the slow-roll parameters can be written in terms of the scalar potential and its derivatives, 
which need to be small during inflation: 
e<l, ny l. (44) 
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Note that in this case, the smallness of the 7y-parameter (which in the present single field case is equivalent to 7 and 
Oy), implies that the mass of the inflation, Im? l ~ [Val « H? (as we will see, this conclusion no longer holds when 
more scalar fields are present [10|[11]]}). The required smallness of the slow-roll parameters, and in particular the mass 


of the inflaton, is vulnerable to quantum corrections, as we will discuss in detail when we consider UV complete 
models in Sec. 


2.3.2. Primordial fluctuations 

As we have seen, the early universe is supposed to have been rendered very nearly uniform by a primordial 
inflationary epoch. According to our current understanding, structures in the universe originated from tiny ‘seed’ 
perturbations, which grew to form all the structures we observe today. Observations of the CMB support this view, 
indicating that at the time of decoupling the universe was very nearly homogeneous with small inhomogeneities at the 
1075 level. The best candidate for the origin of these perturbations is quantum fluctuations produced during inflation 
in the early universe. These perturbations extend from extremely short scales to cosmological scales by the stretching 
of space during inflation. 


Inflation i Hot big-bang 


sub-horizon super-horizon 


kt 


thorizon exit treheating thorizon re-entry t 


Figure 4: Horizon exit and re-entry of a density perturbation with wave number k. 


The shrinking of the comoving Hubble radius (Hubble horizon) during inflation implies that fluctuations leave the 
horizon at some point. Once inflation ends, the Hubble radius increases and the fluctuations eventually reenter it 
during the radiation — or matter — dominated epochs. Fluctuations that exit the horizon around 60 e-foldings or so 
before the end of inflation, reenter with physical wavelengths in the range accessible to cosmological observations, 
with the CMB probing around 7-10 e-folds (note that the number 60 here depends on the post-inflationary evolution 
which, as discussed in Sec. |5| can be quite different in stringy scenarios compared to the vanilla picture of immediate 
reheating; see for discussions in a stringy context). The spectra generated for density perturbations and 
gravitational waves during inflation provide a distinctive signature and can be measured by analysing the microwave 
background radiation anisotropies. 

During inflation, the inflaton field dominates the energy density of the universe, and thus any perturbation on it 
implies a perturbation of the energy-momentum tensor 


6p = ôT”. (45) 
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A perturbation in the energy-momentum tensor then implies, via Einstein’s equations of motion, a perturbation of the 
metric 


1 
ôG v = (5 B 7 (Buy r) = 8aGST”” , (46) 


and so we have 
õp => gw. (47) 


The metric perturbations can be decomposed according to their spin into scalar, vector and tensor perturbations 
with respect to rotations of spatial coordinates on hypersurfaces of constant time. At linear order, the scalar, vector 
and tensor perturbations evolve independently (decouple) and it is thus possible to analyse them separately. Vector 
perturbations do not get excited during inflation because there are no rotational velocity fields. In what follows, we 
summarise the analysis of scalar and tensor perturbations in inflation. For more details see e.g. DAIS]. 


Gauge choice 

An important subtlety in the study of cosmological perturbations is that the split into background and perturbations 
is not unique, but depends on the choice of coordinates or the gauge choice. It is important to note that there is no 
preferred gauge. To eliminate this ambiguity, one has two choices: either identify gauge invariant quantities or choose 
a given gauge and perform the calculations in that gauge. Both options have advantages and drawbacks. By selecting 
a certain gauge, the calculations might be made technically simpler, but there is a risk that doing so introduces gauge 
artifacts or unphysical perturbations. On the other hand, a gauge-invariant computation may be technically more 
involved, but has the advantage of dealing only with physical quantities. 


Gauge-invariant variables 

As we discussed above, it is helpful to provide gauge-invariant combinations of metric and matter perturbations 
in order to avoid the problem of spurious gauge modes. There are three gauge invariant quantities that are usually 
defined in calculations of inflation: 


Gauge invariant variables 


i. The comoving curvature perturbation. This is given by 


pete gee. (48) 


WP 


where '¥ is the spatial curvature perturbation. In geometrical terms, R measures the spatial curvature of 
comoving hypersurfaces. 


ii. The curvature perturbation on slices of uniform energy density. This is given by 


op 


c= (49) 


 3(p +p) 


Geometrically, ¢ measures the spatial curvature of constant-density hypersurfaces. For a scalar field, 
(o+p) = ¢*. Moreover, during inflation dp ~ —3H dy. Thus ¢ and R are equal during slow-roll inflation. 
As we will see they are also equal on super-horizon scales and therefore the correlation functions of ¢ 
and R are the same at horizon crossing. Moreover, both are conserved on super-horizon scales during 
slow-roll inflation. 


ii. Scalar field perturbations in spatially flat gauge. The spatially flat gauge is defined as the slicing where 
there is no curvature ¥ = 0. It gives a gauge-invariant measure of inflaton perturbations and is given by 


£ A 
00a y E (50) 
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One can compute the curvature perturbation generated during inflation on super-Hubble scales, ¢ or R, either using 
a particular gauge and computing the gauge-invariant curvature in that gauge, or by doing a fully gauge-invariant 
calculation. The results are equivalent. 

The gauge-invariant curvature perturbation R defined above is conserved outside of the horizon. Thus, we can 
compute it at horizon exit and remain ignorant about the sub-horizon physics during and after reheating until horizon 
re-entry of a given R-mode, k. 

The equation of motion for the curvature perturbation R, takes a simple harmonic oscillator form and thus it can 
be quantised by promoting the classical field R to a quantum operator and then quantising it. One can then compute 
the power spectrum of curvature fluctuations at horizon crossing. 

We summarise the results and refer the reader to the bibliography for the details on the computations [15]. 


Scalar perturbations 
The mode equation of motion for the Fourier components of R is given by 


RE +2 R, + PR = 0, (51) 


where here a prime denotes derivative with respect to conformal time 7, dn = dt/a(t); k is the wavenumber and 
z = aġ/H, sometimes referred to as the pump field, which satisfies 


< =aH(1+e-6), (52) 
where we have defined? 
= 
6=-—. (53) 
2HH 


Let us note that fluctuations are created on all length scales, 2. Relating the length scale with its wavenumber k, as 
A = 2zna/k this means that the fluctuations are created with a spectrum of wavenumbers, k. Fluctuations that are 
cosmologically relevant start their lives inside the horizon (i.e. Hubble radius), that is k/aH >> 1. However, while the 
comoving wavenumber is constant the comoving Hubble radius shrinks during inflation. Scales for which k/aH « 1 
are outside the Hubble radius; eventually, all fluctuations exit the horizon. Thus we refer to the scales as follows: 


k i 

— > 1 > sub-horizon scales 
aH 

k ; 

aH «1 > super-horizon scales 
a 


For scales well outside the horizon, the solutions to are given by 
d 
R= +e fF, (55) 
where C and C2 are integration constants. From we have 


z(a) = zo exp ; (56) 


fa +e-6)dlina 


4Note from that 7 = —26 + 2e. Note also the difference between 6, determined by the full energy density and ôy, which is associated only 
to the dynamics of a scalar fluid(s) component. 
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Figure 5: The power spectrum of the scalar fluctuations of the cosmic microwave background including error bars for the ACDM model. This is 
one of most impressive examples of the precision level (~ 1075) reached in cosmology so far, in which only a handful of parameters is enough to 
explain such a large number of data points (taken from [8]). 


and therefore we see that during slow-roll, when €,6 « 1, z ~ a. Since in this case a ~ —1/(H7) we see that the 
term proportional to C in decays rapidly as a~> outside the horizon, and is thus called the decaying mode. The 
curvature perturbation is conserved at super-horizon scales and controlled by the constant mode Cı. We thus see 
that the constancy of Rg depends on e and 6 doing nothing dramatic even after horizon crossing. However, a more 
dramatic situation can arise from a failure of slow-roll. If at any time after horizon crossing the friction term in (51) 
changes sign, becoming a negative driving term, the decaying mode can become a growing mode with interesting 
cosmological implications [16] [17] [18]. This change of sign can occur whenever z reaches a local maximum, that is, 
whenever 1 + e — 6 = 0. Since e€ is always positive, 6 must be at least one for this to happen. This can occur during a 
transient period of fast-roll, ultra slow-roll or non slow-roll period. We review below briefly this possibility. 

The amplitude of the scalar power spectrum at leading order in slow-roll can be obtained by matching the super- 
horizon solution with the Bunch-Davies vacuum at sub-horizon scales, to obtairf} 


H2 


= Bay 
k-aH Sr Mý € 


H‘ 


Oy a 


PR 


k=aH 


where all quantities are evaluated at horizon crossing, k = aH and we have used (36) in the last equality. 


5This is sometimes denoted as Pe or Ay. 
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Primordial tensor perturbations 
Quantum fluctuations in the gravitational field are generated in a similar fashion as the scalar perturbations dis- 
cussed so far. In general, the linear tensor perturbations may be written as 


ds? = a(n) |-dr? + (ôi + hij)dx'dx'] , (58) 


with hj; < 1. If the energy momentum tensor is diagonal, as is the case in the simplest inflationary model we 
have discussed so far, the tensor modes do not have any source and their action is that of two (not yet canonically 
normalised) independent massless scalar field{] 

The corresponding canonically normalised field (dropping ij indices), 


a 
v = zP hg, (59) 
satisfies the equation of motion 
By [e E Zhu is (60) 
a 


which is the equation of motion of a massless scalar field in a quasi-de Sitter epoch. It is interesting to note that, con- 
trary to the scalar case, no interesting effects arising from transient violations of slow-roll can occur for gravitational 
waves in standard GR[]This can be most easily seen as follows. Defining the field 


v 
b=, (61) 
a 
Eq. becomes 
Wi + 2aHW), + Puy =0. (62) 


As the “pump field’ a increases for all time, the constancy of the gravitational wave amplitude after horizon crossing 
is guaranteed until horizon re-entry [16]. 
The amplitude of the tensor power spectrum is found to be 


2 H 
ee (63) 

2 

T M5 k-aH 


Note that this differs from the scalar power spectrum by depending only on the value of H and not additionally on 
the slow-roll parameter e. Consequently, a comparison of both scalar and tensor modes amplitudes provides a direct 
measure of the slow-roll parameter e. A more precise statement of this comparison is usually phrased in terms of the 
parameter r, defined as tensor-to-scalar ratio of the power spectra 


T =16e, (64) 


= 


2.3.3. Scale dependence 
The scale dependence of the power spectra is given by the spectral tilt indices and follows from the time- 
dependence of the Hubble parameter. The scalar and tensor spectral indices are given, respectively, by 


_ dinPe 


= dinPr 
~ dink 


“= Jmk (65) 


Ns — 


6The tensor hij has six degrees of freedom, but tensor perturbations are traceless, hi = 0, and transverse 0°); j = 0,(i = 1,2,3). These are four 
constraints, that leave only two physical degrees of freedom, or polarisations. 
7However, in general scalar-tensor theories there can be non-trivial effects as discussed in (19). 
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Using that d In k = Hdt + d(ln H) one finds, to first order in the Hubble slow-roll parameters 


ns-1=-2e-7n, (66a) 
nr = —2e, (66b) 


where e, 7 are defined in eqs. and respectively and these quantities are defined at horizon crossing. 
We see that single-field slow-roll models satisfy a consistency condition between the tensor-to-scalar ratio r and 
the tensor tilt ny: 


r=-8nr. (67) 


If this relation were to be falsified by future observations of the CMB anisotropies, it would indicate that inflation was 
not driven by a single field. 


2.3.4. Lyth bound 
Note that from eqs. and (36), we see that the tensor-to-scalar ratio relates directly to the evolution of the 
inflaton as a function of the number of e-foldings N = f Hat: 


8 (dy 2 
P 


Therefore, the total field evolution, between the time when CMB fluctuations left the horizon at Npc and the end of 


inflation at Nena, is given by 
Ag _ ie dN VE (69) 
Mp Nend 8 


Making the conservative assumption that r remains approximately constant during the inflationary period probed by 
the CMB, the inflaton must satisfy the so-called Lyth bound Ë] (21) (22): 


Ay r \l/2 
a5 (z) , 70 
Ma ~ ^ V001 (70) 


This relation indicates that ‘large’ values of the tensor-to-scalar ratio, r ~ 0.01, correlate with Ay ~ Mp, or large-field 
inflation. The vulnerability of large-field inflation to quantum corrections will be discussed in Sec. 
Using Eqs. and (64), one can also immediately relate the Hubble parameter during inflation to the tensor-to- 


scalar ratio or slow-roll parameter e: 
Hing = VEN PR € Mp. (71) 


The observational constraints that we are about to summarise might then make a high GUT-scale, large-field inflation 
seem more likely in the context of a single inflaton field. 


2.3.5. Current inflationary constraints 
In this section we summarise the most recent CMB experimental results that have tested the physics of inflation 
[23]. Let us start by providing the current best-fit value for the power spectrum amplitude, defined through 


Ns-1 
Pr = A; (=) i (72) 


where k, is a pivot scale taken at k, = 0.05Mpc™! in the Planck analysis [B], and found to be 


A, = (2.100 + 0.030) x 10°. (68 %, Planck TT, TE,EE+lowE+lensing) . (73) 


8Taking into account that the fact that r does not remain constant gives a much stronger bound (20). 
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The spectral tilt index and latest bound on the tensor-to-scalar ratio given by 


ns = 0.9649 + 0.0042 (68%, Planck TT,TE,EE+lowE+lensing), (74) 
a; = —0.0045 + 0.0067 (68%, Planck TT, TE,EE+lowE+lensing) (75) 
roos < 0.036 (at 95% confidence), (76) 


where œ, constrains the scale dependence of the scalar spectral index and is defined by 


dns 


as = Iik (77) 


2.3.6. Inflationary models, a selection 

In the box below we illustrate three prototypical vanilla single field inflationary models together with their predic- 
tions for ns,r, Ay. All these examples have monotonically increasing slow-roll parameters and can be considered as 
large field inflation. Notice, indeed, that whereas super-Planckian field ranges correspond to around r > 107? in the 
conservative Lyth bound (70), once the spectral tilt is taken into account, super-Planckian field ranges are obtained 
already around when r = 1075 [20]. We also comment that, whilst the squared monomial and natural inflation models 
are in tension with the latest cosmological data, the Starobinsky model is well within the current data. 


Selected inflationary models 


1. Monomial inflatior| V= Vo £ 


ny =0.9666, r=0.133, Ay = 14.411 Mp 


2. Starobinsky inflation: V = Vo (1 =e a 

ns = 0.9674, r = 0.003, Ay = 4.809 Mp, 
3. Natural inflation: V = Vo (1 — cos(y/f)) 

ns = 0.9626, r=0.069, Ay = 12.903 Mp; 


(f =7 Mr). 


“All observables are computed at N, = 60. 


2.4. Multi-field Inflation 


So far, we have discussed the simplest (vanilla) inflationary scenario, where a single canonically normalised scalar 
field drives inflation. However, as discussed at more length in Sec. [3| in string theory there are usually many scalar 
fields (as well as other fields of various spin) which may either drive inflation or act as spectator fields with interesting 
cosmological implications. In what follows, we briefly review these possibilities from a pure field theory perspective, 
which will be important for our discussion on string inflation in Sec. 

Let us consider the Lagrangian for several scalar fields, minimally coupled to gravity? 


R 1 
S= [as v-9 was -= 7 Sarl OO, 6H” ~ Vv(¢") > (81) 


°For a recent review on multi-field inflation in field theory see [25]. 
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Figure 6: The most recent constraints on inflationary models in the tensor-to-scalar ratio r and spectral index ns plane, taken from . A substantial 
amount of inflationary models are already in tension with observations. 


where gap is the field space metric. The equations of motion derived from this action are given by 


H? = : (= + ve} (82) 
~ 3M2,\ 2 
b+ 3Hb' +12 bb +g”Vp=0, (83) 
where 
LP = gahh” (84) 


and the Christoffel symbols in are computed using the scalar manifold metric gap, while V, denotes derivatives 
with respect to the scalar field °. 

The slow-roll conditions and rapid turning in multi-field inflation can be understood neatly using a kinematic basis 
to decompose the inflationary trajectory into tangent and normal directions (i.e. adiabatic and entropic). Focusing on 
the two field case for concreteness, we introduce unit tangent (adiabatic) and normal (entropic) vectors T^ and N“, as 
follows: 7 

$ 
(7 
The equations of motion for the scalars ø“ projected along these two directions become: 


T°! ; T°T, =1, N“T, = 0, N'N, = 1. (85) 


$+3Hp+Vr =0, (86) 
D,T% + QN* = 0, (87) 


where Vr = VT", Vy = VN“ and the turning rate parameter, Q, is defined as 


Vy 


Q= —. 
p 


(88) 


The field-space covariant time derivative is defined as: 
D,T? = ° +147 ¢. (89) 


Using the equations of motion, we can write the projections of the Hessian elements along the tangent vector as 


(26] 27) 28) [10): 


Vrr_ © n So 
— =a t2e--- =, 90 
3H? 3H2 2 3 oie 
as well as the projection along T and N as [IT]: 
Vrn ( n x) 
—=wil-e+-+-}. 91 
3H 33 ae 
In these equations we introduced the slow-roll parameter 
Ep = Hp š (92) 
as well as the dimensionless turning rate 
Q 
= —, 93 
Wea (93) 
and a new slow-roll parameter, which arises only in the multi-field case, v: 
Ww 
=7_: 94 
= Hy (94) 


Note that the expressions (90), are exact, as we have not made use of any slow-roll approximations. On the other 
hand, Vyy depends on the inflationary trajectory in a model-dependent fashion. 


2.4.1. Slow-roll in multi-field inflation 

Let us revisit the slow-roll conditions in the case that more than one field is present. These require the slow-roll 
parameters €,7,6, above, to be much smaller than one in order to guarantee long-lasting, slow-roll inflation, that is, 
€, 1, Oy, čp < 1. It is easy to check that these conditions imply 


V 
2 
x , 95 
3M; (95) 
3Hp+ Vr ~0, (96) 
and thus that the tangent projection of the derivative of the potential needs to be small: 
M2, (Vry? 
Pl T 
=—(—]} <l. 97 
ea ( V ) ve 


On the other hand, the normal projection Vy can be large, and it is related to the turning rate defined in eq. (88). 
Moreover, from we see that during slow-roll, the equations of motion imply 


Vrr & 
At 98 
3H? 3H? ee) 
while from (Oi), requiring 7 < 1 (equivalently 6, « 1) implies that (barring possible cancellations) 
V: Q 
ae and oy<1. (99) 
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Hence, we see that v behaves as a new slow-roll parameter in multi-field inflation: the turning rate is guaranteed to be 
slowly varying during slow-roll [29] [11]. 

We see then that in the multi-field case, slow-roll inflation does not require small eigenvalues of the Hessian 
OOM], as usually believed. Namely, defining the multi-field generalisation of the ny parameter as 


m 2 
ny = Mp, 


Vv‘V 
min eigenvalue ve) P (100) 


it is clear that 7; does not need to be small and indeed can be much larger than one in multi-field inflation {Ti}. 
This implies that in multi-field inflation, all inflatons can be heavier than the Hubble scale [10]. Thus the 7-problem 
in multi-field inflation may manifest itself, if present, in a different form. For example, the curvature of the field space 
metric, Ry, may in general be non-zero and in particular could be large (in Planck units). Therefore, this introduces a 
new scale, and the flatness of the potential may be constrained over this new scale (see e.g. [30]). However, in general, 


we expect Rs to be of order one in Planck units. 


Multi-field inflation and swampland constraints 
Let us finally make some comments between multi-field inflation and the recently proposed dS conjectures 
[32] [33], which require that (see Section[7.7) 
VWV oc min(V“V,V) q 
SS o <- f 
V © Mp V M3 


(101) 


where c, c’ are O(1) constants. From our discussion on slow-roll inflation in the multi-field case, it can be easily seen 
that the first condition in (TOT) can be satisfied, so long as the turning rate Q/H is sufficiently large [34]. Indeed, the 
potential slow-roll parameter in the multi-field case is given by 


M3, V°Va Q? 
mz a (102) 
For er ~ e, one arrives at the relation [34|[27]: 
Q2 
~ell+—], 103 
ey e| 9 =] (103) 


and therefore we see that in a multi-field inflationary model, where Q + 0, for sufficiently large turning rate Q/H ey 
can be comparable to or larger than one. On the other hand, the second condition in is precisely the requirement 
that ny be large (with negative eigenvalue). As we discussed above, this can happen in mulltifield slow-roll 
inflation without disrupting it| "|In summary, multi-field inflation allows for new inflationary attractors, which do not 


need to satisfy the single field potential flatness conditions (41), (43). 


2.4.2. Cosmological perturbations, the multi-field case 

The presence of more than one field changes the kinds of primordial fluctuations which are possible, because with 
several fields there can be perturbations, for which the total energy density, 69 = 0, remains unchanged. Such fluctua- 
tions are called isocurvature fluctuations, in contrast to the adiabatic fluctuations involving nonzero dp considered in 
the single field case. 

There are strong observational constraints on the existence of isocurvature fluctuations and current observations 
are consistent with purely adiabatic oscillations at horizon re-entry [8] [23]. Primordial isocurvature modes need not 
be a problem for an inflationary model even if they are generated at horizon exit, provided they are subsequently 
erased before horizon re-entry. Moreover, the presence of more than one field can give rise to large non-Gaussianties 
in the power spectrum, which are also constrained by observations [35]. At the same time, additional scalars — as 
well as other higher spin fields — may give rise to interesting phenomenology and are thus of great interest for future 
experiments. 


10 field theory example with large values of c’ is given in [28]. Supergravity examples with large c’ are given in E 
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2.4.3. Spectator fields during inflation 

Scalar fields acting as spectators during inflation are well motivated not only from a purely field theory perspective, 
but also from a phenomenological point of view. Any additional fields may give rise to interesting features that could 
produce observable effects which would then be of great importance. The same can be said for spin one fields such 
as U(1) vector fields, producing for example anisotropies, as well as S U(2) gauge fields, potentially sourcing tensor 
perturbations, and evading the Lyth bound discussed above (see e.g. for a review). We will not review here the 
vast literature on the subject, but will mention some interesting possibilities in the context of string cosmology in Sec. 


2.5. Quintessence 


As we mentioned before (see Sec. (2.2), current observations provide strong evidence for the current acceleration 
of the universe. In the ACDM standard model of cosmology, this is due to a constant vacuum energy, A. However, 
the constant vacuum energy appears to be much smaller than would be expected from estimates based on quantum 
field theory. This has led to the widespread speculation that the vacuum energy may not be constant, but it may now 
be small because the universe is old. Such a time-varying vacuum energy is called quintessence 

The natural way to introduce a time-varying vacuum energy is to assume the existence of one or more scalar 
fields, on which the vacuum energy depends, and whose cosmic expectation values change with time. We have seen 
that scalar fields of this type play a crucial role in cosmological inflation and thus the discussion of quintessence uses 
several of the concepts which already appear in inflation. Considering a single scalar field, the idea is that its dynamics 
drive the present epoch of accelerated expansion. Dark energy started to dominate relatively recently, namely less than 
a single e-fold ago (see Fig. p. It may therefore seem easy to have a sufficiently flat scalar potential, which starts 
dominating the energy density less than an e-folding ago. The original and simplest example is provided by the 
following potential 

V(g) = ME, (104) 


where a is positive but otherwise arbitrary, and M is a constant with units of mass. We can call this type of potential 
runaway like. We give a brief discussion here, but explore this class of runaway potentials in string theory more in 
Sec. [5and Sec. [6] in the context of both transient post-inflationary runaways and also quintessence dynamics in the 
late-time universe. The model can be solved in some detail as a concrete example of quintessence (see e.g. 
and further discussion in Sec. [6). 

Any successful quintessence must have the property that at early times, the energy density of the quintessence 
field is subdominant over radiation to avoid conflict with BBN. With potential (104), one can show that the field has 
a solution at early times during radiation domination such that 


pox p20 (a+2) S (105) 


and thus at early times (t < 1) pẹ is indeed less than p, which goes as f-*. This solution turns out to be an attractor, 
known as a tracker solution. After radiation domination, the universe undergoes an epoch of matter domination, but 
the tracker solution of ¢ continues to have energy density falling as py ~ t-22/(@+2) and since p, and pn decrease faster 
(t-8/3, t? respectively in matter domination) eventually, both will fall below Po- 

At late times, one finds pg œ p 2/C+a/2 or Ina œ t7/2+/?) and the expansion is dominated by the quintessence 
field. The point when Pm = pg is given by te ~ M~4#?G7 which gives ¢(te) ~ G;'. Finally, to achieve 
agreement with observations, setting the critical time t, at which pm ~ pọ to be close to the present moment fo ~ 1/H, 
requires the constant factor in V(¢) to take the value 


M ~x Ge. (106) 


There is, however, no fundamental explanation as to why this should be the case. 

Although quintessence has been proposed as a potential candidate to explain the current acceleration, it still faces 
several challenges. We will discuss later on in more detail how these manifest in the context of string theory (see 
Sec. [6.2.1}, but let us briefly mention here some of the main challenges for any model of quintessence. 


' The name quintessence was coined in . For reviews and several references see e.g. [41][42] (43). 
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e Fine-tunings. As can be evident from the above discussion, quintessence models need to explain why the field 
has to be exactly at the point where V(o) ~ po = (0.003 eV)* today. Moreover, it is not hard to check that a 
successful quintessence model requires the mass of the field to be extremely light, mg ~ Ho = 10-3 eV (at least 
in the case of single field), which must be protected against quantum corrections. 


e Phenomenological constraints. Phenomenological problems to realise quintessence arise as the quintessence 
field must be extremely weakly coupled to ordinary matter; otherwise, its exchange would generate observable 
long-range forces, which are severely constrained by experiments. The quintessence field can be a scalar as 
we saw above, or a pseudoscalar, such as an axion[!?| The advantage of axions is that they can avoid fifth-force 
constraints, but a typical axion potential requires a trans-Planckian decay constant to drive any successful period 
of accelerated expansion. 


2.6. Possible Tensions with ACDM? 


We end this overview section on cosmology with mention of various possible hints towards tensions between 
Planck observations of the CMB and other cosmological probes. Although the statistical significance of these tensions 
is not definitive, and even still under debate, if any are confirmed and not due to systematics, this would be exciting 
evidence of new physics beyond the ACDM model. 

The most famous of these tensions is the Hubble tension. Planck constraints on today’s Hubble parameter, which is 
obtained by assuming the standard six parameter ACDM model, yields Hy = 67.44 + 0.58km s7! Mpc! [8]. This is to 
be contrasted with recent direct local distance ladder measurements of Ho from the SHOES collaboration, which gives 
instead Ho = 74.03 + 1.42kms~! Mpc"! [44]. This amounts to a 4.30 discrepancy, with other direct measurements 
going in the same direction. For a recent review on the Hp discrepancies and phenomenological solutions see [45]; 
see for a critical perspective. Proposals to resolve the tension include increasing the number of effective neutrino 
species Neg, modifying the dark energy equation of state, and the presence of some early dark energy; for a systematic 
comparison of several proposals and their relative success see [47]. A review of all the current discordances, covering 
Ho, the og—S'g tension, and other less statistically significant anomalies, together with an experimental outlook, is 


given in [48]. 


12Other fields have also been proposed as quintessence, however the same problems arise as for the scalar case. 
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3. Moduli 


3.1. String Compactifications 


Even if a full non-perturbative understanding of string and M-theory is still lacking, it has long been understood 
that at low energies there are 5 different limits of string theory in ten-dimensional flat space, which are related to each 
other by duality transformations. The M-theory picture also leads to a sixth limit, namely 1 1-dimensional supergravity, 
often referred to as the low-energy limit of M-theory, the still-not-fully-defined theory that encompasses all the string 
theories as different limits. 

What these limits have in common, and arguably the single most important physical implication of string theories, 
is the existence of extra dimensions. The process of starting from a higher-dimensional theory and then obtaining a 
4-dimensional effective theory is known as compactification, and over the past 35 years string compactifications have 
been studied in much detail. Starting from a 10-dimensional theory, the different fields have to be decomposed into 
their components in the 4 non-compact dimensions and also their ones in the extra compact dimensions. For instance, 
the 10-dimensional graviton g,,, splits into the 4-dimensional graviton g,,, a set of scalar fields g,,,, that correspond 
to moduli fields and potentially also vector fields g,,,. Notice that from the 4-dimensional perspective the indices m,n 
are just internal indices, as in compactification the extra dimensions are regarded as no longer directly visible from 
the 4-dimensional perspective: 


T >) wv =1,--+,4; m,n =1,--- ,6 (107) 


A similar decomposition is performed with the higher-form antisymmetric tensors Byy, Cywp, etc present in each of 
the 6 theories, with the form content of each theory shown in Tab. 


Theory Dimension | Supercharges | Massless Bosons 
Heterotic 10 16 Eux» Bux: 
Eg X Eg Aij 
Heterotic 10 16 Eux Buy 
SOB2) Aï 
Type I 10 16 8m AF 
S O32) Cun 
Type IIA 10 32 Euv Buys 
Cy ? Cire 
Type IIB 10 32 Euv Buy? 
C, ? Cun ? Cuno 
M-Theory 11 32 Eun? Cune 


Table 3: The massless bosonic spectrum of the five string theories and of 11-dimensional supergravity. The corresponding massless fermionic 
spectrum is determined by supersymmetry. Moduli fields all originate from these simple spectra in 10d, reduced on the internal manifold. There 
are also matter states, which in IIA and IIB string theories come from D-brane intersections and in heterotic string theory come from solutions of 
the Dirac equation with non-trivial gauge configuration. Further moduli, such as open string moduli from separation between D-branes or closed 
string bundle moduli, can also be present. 


The most studied compactifications are those that preserve N = 1 supersymmetry. These offer a greater degree 
of control over the effective action compared to non-supersymmetric theories, while also allowing for the presence of 
chiral fermions and sufficient dynamics to allow for hierarchies and a non-supersymmetric vacuum state. 

These correspond in the case of the heterotic or type I theories to the internal space being a Calabi- Yau (CY) 
manifold. These are manifolds of S U(3) holonomy (or vanishing first Chern class). CY manifolds are complex Kahler 
manifolds, meaning that the metric can be written as a second derivative of a Kahler potential K(z;,Z7): giz = 0;0;K. 
However, since they do not have isometries, except for a few numerical examples, there are no known analytic metrics 
for compact CY manifolds of complex dimension greater than one. Instead, we rely mostly on their topological 
structure (and indeed, the full details of the internal metric are not needed for most parts of the 4-dimensional effective 
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Figure 7: A schematic representation of the complicated geometry and topology of higher-dimensional Calabi-Yaus 


Lagrangian). The most relevant topological quantities are the non-trivial homological cycles. Their number are given 
by the corresponding Hodge numbers h?’7. 

The simplest CY manifold is the one complex dimensional case corresponding to the torus. This has only two 
non-trivial homological cycles (h°! = h!? = 1) and its homological structure is summarised by the Hodge diamond: 


hh 1 


he? 1 


Compactifying a string theory on a 2-torus gives rise to two geometric moduli. These are the Kähler modulus T and 
the complex structure modulus U corresponding to 


T = yg + iB, y = 482, (108) 


§22 822 


where g;;, Bij are the components of the metric and the antisymmetric tensors, with g = det g;;. Roughly speaking, 
Re T determines the size of the torus and Re U the shape. These simple properties (Kahler and complex structure 
moduli, which respectively correspond to size and shape of the compact space) generalise to the more complicated 
CY 3-folds and 4-folds which are relevant for string and F-theories. 
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The corresponding Hodge diamond for a 3 complex dimensions CY manifold is: 


W? 1 
K 2 h23 0 (0) 
K 1 h! 1 h!3 0 h! 1 0 
h 0 h2 1 h! 2 h23 = 1 h2 1 h2 1 1 
h2 0 h2 2 h2 0 h! 1 0 
i a 0 0 
he? 1 
The relevant numbers here are h!-!, counting the number of Kahler moduli T;, i = 1,--- ,hb! (volumes of 4-cycles 
or their dual 2-cycles), and hi, counting the number of complex structure moduli Ua, œ = 1,:-:, h!? (number of 


3-cycles). There exist databases of millions of Calabi-Yau manifolds with different values of h}! and h!?. Typically, 
these numbers can be as high as hundreds or thousands, see e.g. [49]. A recent package, CYTools [50], provides tools 
to compute various topological properties of CY manifolds efficiently. 

Another ‘universal’ modulus of great importance is the dilaton ¢ (see the table) whose vacuum expectation value 
(ġ) determines the string coupling, gs. This reflects the fact that string theory has no free parameters and so the 
strength of string interactions, gs, is itself the expectation value of a field. 

In addition to these ‘universal’ moduli, there are also normally other moduli present in the effective theory. These 
include open string moduli associated to the motion and deformation of branes and corresponding gauge moduli, such 
as bundle moduli, associated to deformations of vector bundles present in the compactification. 


3.2. General Properties of Moduli 


We have said above that the existence of extra dimensions is the most important physical implication of string 
theory. As moduli are the way these extra dimensions manifest themselves in the 4-dimensional effective field theory, 
moduli are arguably the most important type of particle arising in string compactifications. The moduli are scalar 
degrees of freedom in the effective action of the 4-dimensional observer and describe low energy excitations in the 
extra dimensions (such as shape and size of the extra dimensions). They are gauge singlet scalars, typically with 
gravitational strength interactions. In the simplest supersymmetric compactifications with extended supersymmetry, 
the potential remains flat and the moduli are massless. Besides other issues such as the absence of chiral matter, 
such models are automatically ruled out since these massless moduli would mediate unobserved long-range scalar 
gravitational-strength interactions (fifth forces). 

Luckily, for models with N = 1 or O supersymmetry (which, in any case, are the ones of phenomenological 
interest), there exist ‘moduli stabilisation mechanisms’. These lift the flat potentials, give them a mass and allow for 
the construction of phenomenologically viable models. Even though moduli are gauge singlets and hard to detect 
experimentally, their role in string cosmology cannot be over-emphasised. 

Why? Moduli are, in a stringy context, the most natural candidates to be inflaton fields or to drive any alternative 
early universe cosmology. This is already very important. But what is perhaps even more important, and highly 
relevant for the later cosmological evolution of the universe, is that in this context the inclusion of moduli into the 
spectrum has a unique ability to undercut and render invalid the pre-existing cosmology. As we discuss in detail in 
chapters [5] and [6] moduli fields can potentially help address many important unanswered questions such as the 
nature of dark energy, dark matter and dark radiation. 

Furthermore, vacuum expectation values of moduli also determine the low energy effective action of a model. 
As mentioned above, string theory has no free dimensionless parameters: couplings and ratios of scales in the low 
energy effective action are set by the values taken on by the moduli. Thus, the task of computing moduli potentials 
and finding their minima lies at the heart of string phenomenology. 

At some levels, moduli are simply examples of scalar fields. The discovery of the existence of an apparently fun- 
damental scalar (the Higgs) confirms the existence of scalar fields in nature and gives further motivation for studying 
their properties. However in many ways, the properties of moduli are crucially different from more familiar scalars 
such as the Higgs, and intuitions carried over from the Standard Model electroweak theory or the Minimal Supersym- 
metric Standard Model (MSSM) are misleading when applied to moduli. 
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Let us list some of these differences: 


e Moduli are uncharged under Standard Model gauge fields 


It is a basic feature of string moduli that they are neutral under the Standard Model, and also normally under 
any additional hidden sector gauge groups that may be introduced. Neutrality under gauge interactions is key 
to some of the most interesting features of moduli, as it implies they have no ‘quick’ decay modes|!>| 


e The couplings and interactions of moduli come with Mz! factors 


Even neutral fields can decay rapidly if they have renormalisable couplings to Standard Model (SM) matter, 
for example ®hhh, where ® is some modulus field, and h some scalar SM field (such as the Higgs). However 
string moduli often descend from higher-dimensional modes of the graviton. This means that all their couplings 
— both self-couplings and couplings the Standard Model sector — are ‘really’ non-renormalisable. This includes 
apparently renormalisable couplings such as 

ADE L. (109) 


In such a coupling, 4 is dimensionless. However, for moduli 4 is given by a or a where m3, is the gravitino 


mass. In this case, 4 carries hidden factors of Mz! and so is numerically extremely small. 

The fundamental scale in string theory is the string scale, M;, and not the 4-dimensional Planck scale Mp. In 
cases where the string scale and Planck scale are widely separated — for example with a large compactification 
volume — the difference can be significant. Moduli that control local properties of the extra dimensions, such as 
the size of blow-up cycles, have interactions suppressed by the string scale, whereas moduli that control global 
properties, such as the overall volume, have interactions suppressed by the 4d Planck scale. Cosmologically 
it is the latter that are most relevant, as they have the weakest interactions and so survive for the longest time 
period. 


Combined with the neutrality of moduli, the consequence of the Mp; suppression is that moduli always interact 
weakly. They are hard to produce — but once produced, they are also hard to get rid of, as they do not thermalise 
and so live for a long time. 


e There is generally no concept of ‘zero VEV’ for moduli 


Many scalar fields have a well-defined notion of zero VEV, which acts as a preferred locus in field space. The 
zero VEV location often corresponds to the restoration of a broken symmetry. For example, for gauge charged 
scalars, the gauge symmetry is spontaneously broken for non-zero VEV and restored at zero VEV. An example 
of this behaviour is the Higgs field, for which the VEV signals electroweak symmetry breaking. 


This is not true of moduli. The VEVs of string moduli should instead be interpreted as the values of compact- 
ification parameters. For example, the vev of the volume modulus corresponds to the compactification volume 
(with the canonically normalised field ® being defined as ® = -Mp ln V) and the vev of the dilaton corre- 
sponds to the string coupling. There is no preferred value for these fields and thus there is no notion of zero 
VEV for the modulif4] In the low energy theory, the values of these VEVs set the coupling ‘constants’, such as 
the gauge couplings and the Yukawa couplings. 


Note that one exception to this idea are the blow-up moduli (note the universal moduli such as the volume or 
dilaton do not fall into these categories). These moduli control the blow-up of singularities in the geometry, 
from zero size to a finite radius. These are commonly associated to orbifold points (where the blow-up moduli 
are also called twisted sector moduli). In this case, the notion of zero VEV does make sense — zero VEV 
corresponds to the singular limit in which the cycle is blown down to zero size, whereas finite VEV corresponds 
to the resolution of the singular geometry into a smooth space. 


'3Tn some cases a modulus may be non-linearly charged under an anomalous U(1). This only applies for moduli with shift-symmetries (see 


below). In this case, the real part of the modulus enters the Fayet-Iliopoulos D-term, and the axionic part of the modulus is eaten by the massive 
U(1). The D-term condition then fixes a combination of the real part of the modulus and the matter fields that are charged under the anomalous 
U(1), with the orthogonal combination remaining massless. 


'4One can of course define the ’zero vev locus’ as the position of the modulus at the full minimum of the potential. However, this is semantics 


as this locus does not have any a prior significance prior to the determination of the potential. 
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e The ‘infinite VEV’ limit represents a decompactification limit 


There are generally certain directions in field space — specifically for the volume and dilaton modulus — where 
the moduli space is unbounded. Along such directions, the VEV of the volume or dilaton modulus can be 
increased arbitrarily, while remaining within the low energy 4-dimensional effective field theory. Even if towers 
of states descend exponentially in mass as per the swampland distance conjecture B3], as long as there 
remains a hierarchical separation between moduli and KK masses, so that mo/mxx <« 1, the 4-dimensional 
effective field theory remains a good description of the low-energy physics. 


In the simplest 1-modulus example, the metric on moduli space is set by K = —31n(T + T) (for the overall 
volume modulus) or — In(S + S) (for the dilaton), giving the kinetic terms 


Ôu TRO! 0,7)" 
gE p 3 (volume modulus), (110a) 
4t, 4t, 
0,5 rHSp 0,8 HS 
HORO OR I T (dilaton) , (110b) 
457, 457, 


where T = Tr+it;, S =Spr+iS;. The canonically normalised fields are ®y = in Tr, Ds = Jim SR, 

and from this it follows that the limits TR — 0, TR —> œ, Sr —> O or Sr —> œ are all at infinite distance in field 

space from any finite value of Tg or Sz. The infinite limits correspond to a decompactification limit, in which 
3/4 

in Einstein frame V as V, = g7 °¥ after Wey] rescaling to 10-dimensional Einstein framd!5|for a ) is infinitely 

smaller than the 4-dimensional Planck scale Mp, = 2.4 x 10!8GeV: M,/Mp, > 0. 


the string scale M, 


(where V, is the compactification volume in string frame related to the volume 


e Moduli often carry shift symmetries 


When the low-energy effective field theory preserves N = 1 supersymmetry, it is common for the moduli 
representing the scalar part of the chiral multiplet to carry shift symmetries. For example, in type ITB D3/D7 
compactifications, the dilaton and Kahler moduli carry shift symmetries while the complex structure moduli do 
not (in type ILA compactifications, it is the complex structure moduli which have shift symmetries). Moduli 
with shift symmetries generally enter the gauge kinetic functions, where their imaginary parts are the axions of 
the corresponding gauge groups. 


In such cases, the origin of the shift symmetry is normally that the real part of the modulus corresponds to 
the size of a cycle, 2;, whereas the imaginary part of the modulus corresponds to the reduction of an RR form 
field on this cycle, $, Ci. The shift symmetry of the modulus arises from the fact that the RR fields have no 
perturbative couplings to the string modes, and only couple to branes. 


As chiral multiplets, the statement of the shift symmetry for a modulus T is that the perturbative action is 
invariant under T — T + ic, where c is a constant, and is thus a function only of T + T. The imaginary part of 
these moduli, Im(T), are axions, and are massless in perturbation theory. 


In terms of moduli stabilisation, the significance of a shift symmetry is that a potential for the modulus cannot be 
generated perturbatively, and can only appear via non-perturbative effects such as brane instantons or gaugino 
condensation [53]. In a weakly coupled theory, where such non-perturbative effects are automatically small, 
this implies that such moduli are light. 


With this, we end our general discussion of the properties of moduli fields and now turn to moduli stabilisation. 


Our discussion aims to provide an overview of the subject, without getting into the technicalities. We refer the reader 
to the review articles and lecture notes for more technical discussions. The book 
provides comprehensive introduction to string phenomenology (along with a discussion on moduli stabilisation). We 
defer related discussions around conjectured swampland constraints on low energy effective field theories to Sec. 


6-49 
e2 GE 


15The relation between the metrics in string and Einstein frames in 10 dimensions is convention dependent and in general is given by G5, N= 


the above choice of conventions corresponds to ġo = 0. See for a guide into frames conventions used in string compactifications. 


31 


MN’ 


3.3. Moduli Stabilisation 


The low energy effective action of string theories in ten dimensions can be organised in a double expansion: the a’ 
and g, expansions. The former captures the effect of integrating out heavy string modes (i.e the massive string states) 
whereas the latter describes string loops. At leading order, the effective low-energy actions are the ten-dimensional 
supergravity theories (and 11-dimensional supergravity in the case of M-theory). 

The simplest compactified vacuum configurations are those in which the internal flux fields vanish and the scalar 
fields in the ten-dimensional actions are constant. As a result, the ten-dimensional matter stress-tensor vanishes, 
leading to a Minkowski compactification with a Ricci flat internal manifold. A requirement that some supersymmetry 
is preserved then implies that the internal manifold is a Calabi- Yau. Upon dimensional reduction, this leads to massless 
(complex) scalars whose wavefunctions in the extra dimensions are given by harmonic forms on the Calabi- Yau 
(Kahler deformations and axionic fields that arise from the dimensional reduction of form fields pair up as complex 
scalars, whereas complex structure deformations are intrinsically complex). 

As mentioned earlier, these massless scalars are disastrous for phenomenology and so construction of phenomeno- 
logically viable models requires incorporating effects that stabilise the moduli. This requires going beyond the sim- 
plest solutions and incorporating various additional effects into the effective action. The analysis depends on the type 
of string theory. Before getting into the details for each case, we give a qualitative description of the key ingredients. 
As the appearance of moduli within simple compactifications is due to the presence of flat directions in the low energy 
effective field theories’ scalar potential, to lift them we need to include effects that lead to a non-trivial energy profile 
along these directions. 


e Fluxes: A p-form flux can thread a p-cycle, Z,, in the internal manifold. The threading is characterised by 
integers, as the Dirac quantisation condition forbids continuous deformations. The presence of background 
flux can lead to a non-trivial energy profile along various directions in field space. For instance, for the overall 
radius of the compactification (R), a p-form flux contributes to the potential (see for derivations of these 
different scalings) as 

V(R) œ REP, 


lifting the flatness of the radial direction. These fluxes are crucial to all flux compactifications, and also appear 
in e.g. the maximally supersymmetric AdS 5 x S> solution used in the AdS/CFT correspondence [63]. 


e Localised objects: Space filling D-branes and orientifold planes are consistent with maximal symmetry in four 
dimensions and contribute to the moduli potential. For a p-dimensional localised object, the contribution to the 
potential for the radial mode scales as 

V(R) œ TR’), 


where T, is the tension of the object. We note that this tension is negative for O-planes. 


e Extra dimensional curvature: Backgrounds with non-trivial matter stress-tensors have non-vanishing curvature 
in the extra dimension, which also contributes to the effective potential. For the radion, 


1 
V(R) o RE’ 


with a positively curved internal space making a negative contribution to the potential (e.g. in the $5 in the 
AdS/CFT AdS 5 x S5 solution). 


e a’ and loop corrections: The effective potential receives contributions order by order in the a’ and gs expan- 
sions. These can lift directions which are flat in the leading order approximation. For instance, the leading a’ 
correction in type IIB [64] makes a contribution to the radion potential which behaves as 


1 


Such a’ corrections are crucial in e.g. the Large Volume Scenario. 
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e Non-Perturbative effects: Non-Perturbative effects such as gaugino condensation or wrapped Euclidean branes 
play a key role in stabilising flat directions associated with axionic shift symmetries. These symmetries are 
broken non-perturbatively and potentials are induced which are exponential functions of the moduli. 


e Supersymmetry breaking: Breaking of supersymmetry leads to (low energy) loop corrections to the potential 
which will themselves depend on the moduli VEVs. 


Understanding how these effects can combine to yield vacua where all moduli are stabilised is highly non-trivial{!*| 
Furthermore, there are various problems and no-go theorems, which clarify the challenges involved, while at the same 
time providing guidance on the necessary ingredients for any successful stabilisation mechanism. 


The Dine-Seiberg problem 68: The Dine-Seiberg problem stems from the fact that the parameters for the loop and 
a’ expansions are themselves moduli VEVs (the dilaton and the volume of the compactification). Leading order 
flatness in these directions implies that stabilisation must necessarily involve competition between subleading terms. 
The Dine-Seiberg problem is the claim that if two terms in the g5! or R7! expansions are competing, then all terms 
should compete and thus any resulting vacuum, except for the runaway-one corresponding to the 10-dimensional free 
theory, is at strong coupling and so not trustable. In epigraph form: ‘If the expansion can be trusted, the modulus is 
not stabilised; if the modulus is stabilised, the expansion cannot be trusted.’ 

Key to this formulation is the idea that stabilisation of either dilaton or Kahler moduli involves comparing terms 
from a single expansion in which there is no extra structure to suppress the strength of each term. Later, we will dis- 
cuss how this problem is alleviated in the context of type IIB flux compactifications (either through additional moduli 
or the use of the no-scale structure present in the compactification). 


Constraints from positivity conditions of the stress tensor: Positivity conditions obeyed by stress tensors of low 
energy effective actions lead to interesting constraints on the allowed solution space. As the 10 and 11-dimensional 
supergravity theories that arise in string theory obey the strong energy condition, this leads to an important no-go 
theorem [69] [70] [71]. 


The general 10-dimensional metric consistent with maximal symmetry in 4 dimensions is of the form 
ds” = gyndx“dx* = eg ydxtdx” + Znn(y)dydy", 


where @,,, is the metric of a maximally symmetric space in 4 dimensions. The trace reversed Einstein equation in the 
non-compact directions reads 


. & l nae 
Ruy = Ruy — By (VA + (VAP) = Tuy go BT (111) 
Contracting this with g“” one finds 
Reet =I" Ve; (112) 
where we have defined 
A 1 1 1 
T =-T",+ a 25 (r, + 5r") ; (113) 


It is easy to check that Î is positive semi-definite for all p-form flux configurations which are consistent with maximal 
symmetry. In particular, it is positive semi-definite for p > 1 and vanishes for p = 1. Now, multiplying by e?”^ 
and integrating over the compact manifold one concludes that dS compactifications are impossible while Minkowski 
compactifications allow only 1-form flux. This ‘no-go theorem’ can be evaded by making use of local terms in the 
supergravity action. For example, orientifold planes in IIB string theory carry negative tension and provide (localised) 
negative contributions to 7. Furthermore higher derivative corrections, loop corrections and non-perturbative effects 


will in general modify (112). 


'6Given this, one interesting alternative avenue is to look for string vacua which from the onset have either a small number of moduli or no 
moduli at all. Asymmetric orbifolds (see e.g. [65][66][67]) are one approach in this direction. However, to the best of our knowledge, there is no 
yet a single 4-dimensional construction without moduli. 
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Figure 8: Dine-Seiberg problem. The scalar potential as a function of the volume or dilaton modulus vanishes asymptotically. Since these fields 
are the a’ and loop expansion parameters respectively, the only region in which these expansions are under full control is the runaway region MI. If 
there is a non trivial minimum it would naturally fall in the small volume/strong coupling region I. In order to obtain reliable minima in the desired 
region II in which hierarchies and weak couplings exist (as seen in nature), compactification parameters, such as integer fluxes or ranks of gauge 
groups, need to be used. 


The above result has been generalised to various settings in [76]. In particular, obtained a 
no-go theorem for dS solutions (of any dimensionality) to all orders in the a’ expansion in heterotic strings (recently 
this was generalised to one loop in a specific setting involving string theory without spacetime supersymmetry [77]). 
Implications for other string theories follow from dualities. 

Attempts to construct dS space in string theory always involve the inclusion of corrections to the effective action 
which allow for the evasion of the no-go theorems. That said, we note that there also exist arguments that the obstacles 
to dS are deeper and more fundamental than simply the absence of particular objects in the low-energy supergravity 
theory. For examples of these principled obstructions to dS, see (the Swampland dS conjectures 
will be discussed in Sec. 7) and also for an alternative perspective. 

We next discuss the generation of moduli potentials — moduli stabilisation — in various string theories. Our focus 
will be on the form of the effective potential and Minkowski/AdS/dS solutions in four dimensions. Time-dependent 
cosmological solutions will be discussed in the later sections. We start with arguably the most developed constructions, 
those of type IIB string theory. 


3.4. Moduli Stabilisation: ITB 


Moduli stabilisation in the context of semi-realistic vacua (i.e. incorporating hierarchies and supersymmetry break- 
ing) is best understood in the context of type IB models and we start by discussing these models. In type IIB, for a 
special (albeit large) choice of the fluxes and localised sources, one has the knowledge of ten-dimensional solutions 
which incorporate the backreaction of fluxes. These fluxes also stabilise the dilaton and complex structure moduli. 
This class is often referred to as pseudo-BPS. We discuss these following (see e.g. for earlier 
work). The construction of these solutions starts by considering an orientifolded Calabi- Yau (all field configurations 
and fluctuations are required to be consistent with the orientifolding, for details see [89]). The 3-form fluxes of the 


34 


IIB theory, F3 and H3 are turned on and satisfy Dirac quantisation conditions 


1 1 
f F3 € 27Z, = S H; € 27Z. (114) 
27a’ Jy, 2ma’ Jy, 
These thread the 3-cycles of the Calabi- Yau. The 10-dimensional Einstein frame metric takes the form 
ds? = e” Opd dx + C4 gnn Ody" dy", (115) 


where 8nn(y) is the metric of the underlying Calabi-Yau and e~74 is the ‘warp factor’. Thus, one is naturally led to 
warped compactifications with an internal manifold which is conformal to a (orientifolded) Calabi- Yau — an appealing 
aspect since it preserves much of the structure and intuition of pure CY compactifications|'”| 

The warp factor is sourced by 3-form flux and localised object ®]which carry D3-charge and is determined by the 
equation: 


= Ginn ae 
-Ve* = E + 2K T30. (116) 


where $ = g! — i Cọ is the axio-dilaton, G; = F3 — iS H3 is the complexified 3-form flux, po is the localised D3 
brane charge density and T3 the tension of D3-branes in the ten-dimensional Einstein frame. The superscript tilde is 
used to indicate the use of the metric Zp. 

The localised sources which contribute to the D3-charge are D3-branes and O3-planes which are point-like in the 
extra dimensions, as well as D7-branes and O7-planes which wrap four cycles of the Calabi-Yau (these are the only 
localised sources allowed for these pseudo-BPS solutions). Note that the contribution of the fluxes to the right hand 
side of (116) is positive definite. Thus, cancellation of the D3 tadpole condition requires the presence of carriers of 
negative D3 charge. This is provided by the O3 planeq"| or wrapped D7-branes. Thus, the choice of flux quanta is 
limited to those whose total D3-charge is less in magnitude than the upper bound set by the contributions from the 
negative charge carriers)”>| While finite, the number of consistent flux configurations for a given Calabi- Yau can be 
enormous, leading to the idea of the string landscape [90] [91] [92157]. We will discuss this in more detail in Sec. 

The equations of motion also require that the complexified 3-form flux is imaginary self-dual, i.e. 


G3 = i x6 G3. (117) 


In terms of Hodge decomposition, this implies G3 € (2, 1) @ (0,3) within the Hodge structure of the Calabi- Yau. 

In general, these solutions break supersymmetry. Supersymmetry is preserved if G3 is purely (2,1) (it is the 
presence of a (0,3) component that breaks supersymmetry). Even if supersymmetry is broken at this level, we note 
that higher order corrections in the 4-dimensional effective action can then restore supersymmetry, and we will see 
explicit examples of this later in the section. 

For a given choice of flux quanta in (114), the imaginary self dual condition can be regarded as an equation for 
the metric and the dilaton, which fixes the values of the complex structure moduli and the dilaton ?*] As aresult of the 
presence of fluxes, complex structure moduli acquire a mass 


a 


Mes 


17The metric does not take the form for general solutions in ITB; this form applies only for those in the pseudo-BPS class. We will describe 
below the conditions that this implies on the localised sources and fluxes. 

'8These have to be space-filling to maintain Poincare invariance. 

19 As mentioned above, the orientifold planes are central to the very existence of these compactifications, as they have a negative tension and 
hence can provide a negative contribution to Î (as defined in ). This evades the no-go theorem and enables the existence of warped Minkowski 
compactifications. 

20The solutions can be generalised to F-theory, where, the induced D3-charge from the D7-branes D3 is given by the Euler number of the 
associated four-fold X, Qp3 = os 

2! For early work on complex structure moduli stabilisation in specific settings see [84][93]|94][95][96]|97). More recently, explicit studies of the 
flux induced potential have been carried out in [98]/99}. An interesting recent development is the ‘tadpole conjecture’ (see 
{105][106]). This suggests a tension between stabilising complex structure moduli at generic points in moduli space and keeping the flux-induced 
contribution to the D3-tadpole within the bounds allowed by the orientifold. 
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where V is the Einstein frame volume of the internal manifold measured in string units (our frame conventions 
throughout this section will be those described below equation (110)) . In general, there is no reason that a particular 
flux configuration should lead to the dilaton being stabilised at weak coupling. To have control over the effective field 
theory, only those flux choices that lead to g, « 1 are relevant. The Kahler moduli remain unfixed at this level. As 
we will see, these Kahler directions can be stabilised at large volumes by the inclusion of perturbative (in both a’ and 
gs) and non-perturbative corrections to the effective action. This leads to isolated vacua at gs « 1 and large volume, 
where the effective field theory is under control. For this reason, models combining moduli stabilisation, hierarchies 
and supersymmetry breaking are best understood in type IIB and several proposals for the construction of dS vacua 
have been made in the setting. 

A further phenomenologically appealing feature of the solutions is the presence of regions in the internal manifold 
with large warping. The compactifications therefore provide a realisation of the ideas of Randall and Sundrum 
in an ultraviolet complete setting. Large warping arises when fluxes thread a shrinking 3-cycle. For instance, if 
M units of flux thread the shrinking ‘A cycle’ of a conifold singularity and K units thread its dual ‘B cycle’, then the 
conifold singularity is resolved and the warp factor on the minimal volume S°? associated with the resolution is 


e™ = exp (—27K/3Mg,). 


Note that this factor is exponentially small in the integer flux quanta. Locally, the geometry is well described by 
the Klebanov Strassler solution and such regions of large warping are often referred to as warped throats. 
Warped throats have a wide variety of phenomenological applications and will appear repeatedly in our discussion of 
cosmological models. 

We next turn to the 4-dimensional effective action describing the low energy fluctuations about these backgrounds 
(obtained once the Kaluza-Klein modes are integrated out). This is crucial for developing Kahler moduli stabilisation 
and also provides a complementary 4-dimensional perspective for looking at the complex structure moduli stabilisa- 
tion. 

We first describe basic features of the effective action (see for further details). The relevant closed string 
fields are the complex structure moduli U}, a = 1,:--, hi? (the number of harmonic (2, 1)-forms of the Calabi Yau that 
are odd under the orientifold involution), the axio-dilaton S, and the Kahler moduli T;, i = 1,--- ,h!!. For simplicity, 
here we discuss the case where h?! = 0 (for a detailed analysis of the effective action for compactifications with 
h}! + 0 see [B9], and e.g. for a recent discussion). The Kähler moduli are then complexified by the definitions: 


1 
Tiz | sassif Casni, 
2 Js, s 
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where J is the CY Kahler form (in the Einstein frame, in units of the string length s = 27 va’ ) and C4 the 4-form 
potential. The integrals are performed over 4-cycles of the orientifolded Calabi- Yau. 

In the language of N = 1 supersymmetry, the fields lie in chiral multiplets and the low energy effective action is 
specified by the Kahler potential and superpotential. The tree-level Kahler potential (in the limit of large volume) is 
given by 


K = Kah + Kai + Kes 


= -2InV -In(s +5)-mm(-1 f ond), (118a) 
X 


where V = ¢,° f V86 d°y is the volume of the internal manifold (in the Einstein frame) in units of the string length 
£s. The internal volume V is a homogeneous function of degree 3/2 of the real parts of the Kahler moduli 7;, the 
volumes of the four cycles. Q is the holomorphic (3, 0)-form of the manifold. The effect of fluxes is captured by the 
Gukov-Vafa-Witten superpotential [85]: 


Wax = ike AQ, (119) 
X 
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Recall that the F-term supergravity scalar potential for a superpotential W(®,) and Kahler potential K(®;, ®;) is 
given by (in units where Mp; = 1): 


Vr =e (xv DıWD;W - 3iwP} (120) 


where K” is the inverse of the Kahler metric and Dy, are Kahler covariant derivatives: Dy = 0; + (0;K)W. For the 
Kahler potential (1 18a) and superpotential (119), the potential (120) only depends on the Kahler moduli through the 
overall prefactor e*. This comes from a combination of the following facts: 


e The superpotential is independent of the Kahler moduli. This is obvious from its expression, as the 
holomorphic 3-form only depends on the complex structure data. But, there is also a symmetry reason behind 
this perturbative absence of the Kahler moduli from the superpotential. The imaginary part of the Kahler moduli 
are axionic fields which enjoy shift symmetries T; — T; + ic; with constant c;’s. This, together with the fact 
that the superpotential is holomorphic, implies that the superpotential cannot depend on 7; (within perturbation 
theory). This shift symmetry is preserved to all orders in perturbation theory [INOT [113] [53], and hence the 
superpotential is independent of the Kahler moduli to all orders in perturbation theory. 


e The Kadhler potential is of the no-scale form [114] i.e KT Ky, Kp, = 3. This is a consequence of the fact 
that the volume ‘V is a degree 3/2 homogeneous polynomial in 7;. 


With this, the potential is solely a function of the complex structure moduli and the dilaton: 
—scal K B == 
vp = e5 K D,W DW, 


where the indices œ, 8 now run only over the complex structure moduli and the dilaton. The potential is minimised by 
solving 
DW =0. 


This can be shown to be equivalent to the imaginary self-dual condition on the fluxes (117). At the minimum, the 
potential vanishes (consistent with the fact that these are Minkowski compactifications). Since Da W are proportional 
to the corresponding F-terms, this means that the complex structure and dilaton moduli do not break supersymmetry, 
however the F-terms of the Kahler moduli (F; = Dr,W) are non-vanishing and supersymmetry is broken unless W = 0 
(which is equivalent to G3 being (2, 1) ). These reflect the standard properties of no-scale vacua: a vanishing vacuum 
energy V = 0 together with broken supersymmetry. 

Let us next discuss the stabilisation of the Kahler moduli. As discussed above, the shift symmetries of the axionic 
parts of the Kahler moduli forbid their appearance in the superpotential to all orders in perturbation theory. However, 
as these moduli represent the gauge couplings for matter fields on D7-branes, non-perturbative effects like gaugino 
condensation on D7-branes or Euclidean D3-instantons can generate a superpotential for them (see for a review). 
The full superpotential for closed string moduli takes the form: 


W = Wrux(S, U) + Wap (S, U, T). (121) 


The Kahler potential for the Kahler moduli receives various perturbative corrections. In general, the no-scale condition 
K "UK y,Kp, = 3, satisfied by the tree level Kahler potential, will be broken by these corrections. We denote the 
corrections by Kp, i.e. 

Kah = —21nV + Kp. (122) 


The correction terms Wnp and K, in (121) and lead to a potential for the Kaher moduli. This potential generates a 
minimum for the moduli, stabilising them, and is also crucial for understanding the moduli dynamics in a cosmological 
context. 

There are two major scenarios for fixing the Kahler moduli. These are the KKLT construction and the Large 
Volume Scenario (LVS) [118], which we now describe these in detail. Other proposals for Kahler moduli stabilisation 
within the ambit of IIB flux compactifications include [119] {120} [121] [122] [123] [124] [125]. The most pertinent details 


of these two main constructions are 
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e The KKLT construction makes use of the fact that the vacuum expectation value of the flux superpotential can 
be tuned to small values. This serves as a small parameter, allowing for various contributions to the potential 
arising from Wy, to compete. The result is an AdS minimum which is supersymmetric. 


e The LVS construction makes use of the perturbative no-scale breaking effect in driven by a V-dependent 
a’ correction. This competes with a non-perturbative correction on a small (blow-up) 4-cycle, resulting in a 
non-supersymmetric AdS minimum. At the minimum, the volume V ~ e!/%: >> 1 is exponentially large in 
string units. Supersymmetry continues to be broken by the F-terms associated with the Kahler moduli. 


3.4.1. The KKLT construction 

As we have seen, the effect of turning on fluxes in type IIB is to generate a potential for the dilaton and complex 
structure moduli, while leaving the Kahler moduli flat. The first step in the KKLT construction involves integrating 
out the dilaton and complex structure moduli, and then considering the low energy effective action for the Kahler 
moduli alone. Although a realistic model will have multiple Kahler moduli, we will work with a single modulus to 
illustrate the basic features of the model. The non-perturbative contribution to the superpotential can arise as a result 
of Euclidean D3-branes or gaugino condensation on wrapped D7-branes. In both cases, the superpotential takes the 
forn?2| 


Wp = A(U,S)e™, 


where the pre-factor A is a function of complex structure moduli U and the dilaton S, but has no dependence on the 
Kahler moduli. The constant ‘a’ is equal to 27 when the effect is generated by Euclidean D3-branes, while in the case 
of gaugino condensation on wrapped D7-branes a = 27/N, where N is the rank of the condensing gauge group. With 
the dilaton and complex structure moduli integrated out, the flux superpotential makes a constant contribution to the 
superpotential (Wo). The full superpotential is then 


W=WtAe“. 


A key requirement of KKLT is that the fluxes are tuned so that |Wo| « 1. Working with the tree-level Kahler potential 
K = -3 log (T + T), the resulting potential is 
laAP oy, IAP 54, aRe(AWje™) _ 
= —e —e T + —___—__e 
6T 2T? 2T? 


After adjusting the phase of the axion to its minimum, one obtains a supersymmetric minimum Dr W = 0 with 


V 


aT 


1 
t~ —In|Wol! > 1. 
a 


From the logarithmic dependence of r on |Wo|, we understand why a small |Wo| is a key requirement of the con- 
struction. The existence of a large number of choices of flux quanta which lead to small values of |Wo| follows from 
statistical considerations [133]. Recently, explicit constructions with |Wo| as low as 107! have been carried out 
(for earlier work on obtaining low values of |Wo| see [136] [137] [95] (97). 

Sufficiently large T is necessary to ensure that any perturbative corrections to the Kahler potential yield sub-leading 
contributions to the potential that we can safely ignore, and thereby justifying the use of the tree level Kahler potential. 
Furthermore, the masses of the Kahler moduli are 

Mp 


mr ~ mz In (=) ; 
m3/2 


where the gravitino mass m3/2 = e*/?|W|. Although logarithmically enhanced compared to m3;2, this implies that the 
masses of the Kahler moduli are parametrically lighter than those of the complex structure moduli, as required for the 
consistency of the 2-step procedure. For realisations of the KKLT construction in explicit settings see [137| ; 


?2For a superpotential to be generated, the divisor associated with the Kahler modulus has to be rigid or be rigidified by the presence of fluxes 
see e.g. for technical discussions. For a recent discussion of challenges in generating such a superpotential in 


some specific settings see [132]. 
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Note that the no-scale structure present in the pure flux GKP compactifications is absent from KKLT; the process 
of stabilisation generates a supersymmetric vacuum and returns the mass of the Kahler modulus to above that of the 
gravitino mass. This is an important qualitative difference between KKLT and LVS, which we now discuss, where the 
no-scale structure survives in the leading approximation. 


3.4.2. The Large Volume Scenario 

The starting point for the LVS construction is the same as for KKLT, namely the low energy effective field 
theory after the complex structure and the axio-dilaton have been integrated out. LVS requires at least two moduli, 
with the Calabi- Yau having some form of “‘Swiss-cheese’ structure, i.e described by an overall volume with subsequent 
moduli representing geometric ‘holes’ corresponding to blow-up moduli. The simplest realisation is for the case of 
two Kahler moduli. Here the expression for the volume of the Calabi- Yau takes the form: 


_ 3/2 3/2 
V=T, =a, 


where T, is volume of a big 4-cycle (in Einstein frame) and T, measures the volume of a hole in it (more precisely Ts 
controls the volume of an exceptional del Pezzo divisor resolving a point-like singularity). The leading a’ correction 
to the Kahler potential is included, 


— 3/2 
r=-2m[v+ (5 =) } 


with £ = - ee where y(X) is the Euler number of the Calabi- Yau and ¢ is the Riemann zeta function. LVS also 


requires a non-perturbative effect supported on the small cycle, 
W = Wọ tA eiT, (123) 


As discussed above, here as = 27/N in the case that the effect arises as a result of gaugino condensation and a, = 27 
in the case of wrapped Euclidean branes. Working in the limit t, >> Ts, after fixing the axionic partner of T, at its 
minimum, the scalar potential (120) takes the form: 


4A; re — 2a,AlWolts eo 3 Vsé|Wol? 


E 3 sV sv? 8Vv3 (124 
Minimising the potential”>} one finds a minimum at 
3 Vrs) |W 1 ey? 
(V) ~ ove ie 2 ol esst) and (Ts) & rs (5) : (125) 


Let us stress some important aspects of the scenario: 


1. The minimum arises as a balance between an a’ correction (giving a term in the potential scaling as V~?) and 
non-perturbative effects on the small 4-cycle (which are definitely generated for a rigid del Pezzo divisor like 
Ts). As a result, the overall volume is exponentially large in the size of the small 4-cycle. 


2. The construction generalises to the situation with multiple blow-up moduli. In the general situation with blow 
up and fibre moduli, the fibre moduli can be stabilised by loop effects or higher derivative corrections 
(142]. Moduli stabilisation in the large volume scenario has been extensively studied, see 
and for recent studies. 


3. In LVS models, a small value of the dilaton helps guarantee that the effective field theory is under control. For 
gs S 0.1, (125) implies that T, and T, are much larger than the string scale, and hence the use of the supergravity 
approximation is justified. 


23Here, s is to be thought of as parameter, it is fixed along with the complex structure moduli as result of the presence of fluxes. 
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4. The models can be constructed for natural values of |Wo|; Wo ~ O(1 — 10). See [160] for a discussion and [161 
for a concrete example. 


5. The LVS vacuum is AdS with the value of the potential at the minimum Viys ~ -må Mni. It is non- 
supersymmetric with the largest F-term given by F™ ~ T, m3/2 (inherited from the no-scale structure). Hence 
the Goldstino is the fermionic partner of T, in the corresponding N = 1 chiral multiplet. This is eaten up by the 
gravitino which develops a non-zero mass. 


3.4.3. Attractive features of IIB models 

Much of our discussion of cosmological models will be set in IIB flux vacua. There are two major reasons for 
this: first, the low energy effective action is well understood, and second, this low energy effective action has many 
attractive features from the point of view of phenomenology. Let us list some of these: 


1. Controlled flux backreaction: The backreaction of the fluxes on the internal geometry is well understood and 
leads to internal manifolds which are conformally Calabi- Yau. The understanding of the resulting underlying 
moduli space is better than in other settings, with the effect of the warp (conformal) factor on the low energy 
effective action being negligible at large volume. For progress in computing the form of the Kahler potential 


including the effects of warping see [162! : 


2. Suppressed scalar potential scale: IIB offers vacua at large volume, where there exists a clean separation 
between the string, Kaluza-Klein and moduli mass scales (recall that the Kaluza Klein scale Mxx œ Mp / V”! 3 
and M, « Mp/V '/2) On the other hand, the mass of the complex structure moduli behave as Mes « Mp,/V. 
Thus, at large volume 

M moduli < Mkx < M;. 


The moduli effective action therefore provides a good description of the low energy dynamics. 


3. Hierarchically suppressed SUSY breaking scale: Supersymmetry is broken at tree-level by the F-terms of the 
Kahler moduli which are proportional to the (0,3) component of G3. The gravitino mass is given by m32 = 
ek Wo ~ Wo/V. This is hierarchically smaller than the Kaluza-Klein scale for both KKLT (where Wọ « 1) 
and LVS models (where V > 1). See for a detailed discussion. 


4. Progress in computing higher order corrections to the effective action: Since the Kahler moduli are flat at tree 
level, higher order corrections to the effective action become crucial for their stabilisation and cosmological 
dynamics. There has been a lot of progress in understanding these. 


The first computation in this direction was the N = 2 O(a’) corrections to the Kahler potential K [64]. Ad- 
ditional N = 2 Olga?) and Olga) contributions to K have been obtained in and further advanced 
in [144]. In this context, Ref. showed the existence of an “extended no-scale structure” which implies 
that Olga?) contributions to the scalar potential vanish. Moreover, Ref. reconsidered N = 2 O(a”) 
contributions to the Kahler potential incorporating the backreaction of these terms on the geometry and found 
that they lead to moduli redefinitions. Higher derivative N = 2 O(a’) terms have been computed in [175] [176]. 


There has also been substantial progress in understanding N = 1 perturbative effects. Ref. 
obtained N = | string loop corrections to the Einstein-Hilbert term showing that they generate g? corrections 
to a term involving the CY Euler number (see also [124]). In it was shown that worldsheet 1-loop 
corrections can also led to field redefinitions of the Kahler moduli at 1-loop level. Ref. showed that N = 1 
O(a’) corrections to the effective action lead to moduli redefinitions, while ref. found that N = 1 O(a”) 
effects are captured by a shift of the CY Euler number term. Recently, a systematic treatment of corrections in 


the F-theory setting has been carried out in [184]. 


It is often not necessary to obtain the full functional dependence of these corrections on all moduli. Rather, 
it is sufficient to determine their dependence on the Kahler moduli (which are the light ones). The functional 
dependence of string loop corrections to K on the Kahler moduli can often be determined from generalisations 
of toroidal computations and low-energy arguments [173][185]. Another powerful tool is imposing the positivity 
of the Kihler metric [186]. Moreover, ref. used the 2 scaling symmetries of the 10-dimensional action 
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at tree-level to infer the dependence on the overall volume mode and the dilaton of any arbitrary perturbative 
correction to the effective action. Recently, the one loop correction to the Kahler potential has been related to a 
supersymmetric index [188]. 


5. Expansion parameters: As mentioned in our discussion of the Dine-Seiberg problem, moduli stabilisation 
corresponds to fixing the values of fields whose VEVs themselves give the expansion parameters of the theories. 
Furthermore, the asymptotic weakly-coupled regions in field space correspond to runaway potentials. Thus, an 
interesting question is: how can small expansion parameters arise when moduli are stabilised? To answer this, 
let us start by taking the superpotential and Kahler potential to be of the general form in and (122). We 
write the F-term potential as 

V=Vo+0V, (126) 


where Vo is the tree-level potential and V is the correction term in the potential arising as a result of the 
correction terms in (121) and (122). Since Vo is independent of the Kahler moduli, the minimum of the potential 
in the Kahler moduli space is determined by ôV. The leading contribution to ôV takes the form [143]: 


5V œ e” (W3 Ky + Wo Wap) - (127) 


The most obvious regime to consider is where both the tree level contribution to the superpotential dominates 
over the non-perturbative part (Wo >> Whpp) and also the perturbative corrections to the Kahler potential are 
much larger than the non-perturbative corrections to the superpotential (Kp >> Wnp). In this regime, the first 
term in (127) is the leading order term. It would lift the potential and give a runaway behaviour (unless terms 
of different order in the perturbative expansion compete, but such a competition will always lead to problems 
with the perturbative expansion if there is only one expansion parameter f4}. This is the Dine-Seiberg problem 
for the setting. 


Type IIB flux compactifications provide at least two concrete ways to alleviate the problem: 


* Tn the KKLT construction, the large discrete degeneracy of flux vacua is used to tune Wo to be exponentially 
small so that Wo ~ Whp. As a result, terms which are of order w2 are also required to be included in 
{27}. The Kähler moduli are stabilised due to competition between terms which are of the order Wo Wop 
and Wi Note that in this regime corrections to the Kahler potential can be consistently neglected since their 
contribution to the scalar potential is sub-leading. 


* LVS models exploit another possibility. Here, the key idea is that string compactifications can feature more 
than one expansion parameter (with each corresponding to the vacuum expectation value of one of the many 
fields in string theory). The two terms in (127) can consistently compete with each other to generate a 
minimum so long as each arises from a different expansion. In LVS, the first term in (127) is part of an 
expansion in terms of inverse powers of the overall volume of the compactification (1/V) while the second 
term is part of an expansion in the size of non-perturbative effects on a small 4-cycle (e~*:"). These compete 
to yield a minimum at large volume. 


3.4.4. De Sitter in IIB 

The vacua we have discussed so far are AdS. It is possible to obtain dS vacua either by incorporating additional 
effects which are part of the low energy effective action or taking a more general approach to finding minima of the 
effective action. Below, we describe various proposals for constructions of dS vacud fn the IIB setting. 


e Anti-branes: This was proposed as part of the original KKLT construction [117]. Anti-D3-branes experience 
a potential in the imaginary self dual backgrounds of [83]. This drives them to the bottoms of warped throats 


Recently an exception to this rule was pointed out in [189] in the sense that there exist cases in QFT for which the perturbative expansion can 
be resummed as in the renormalisation group case, this may allow for a reliable perturbative minimum for V as long as the dilaton has been fixed 
at weak coupling. 

25For recent summaries of the state of the art in dS constructions and the challenges involved see for example (190|[191]. 
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Figure 9: A cartoon representation of a typical Calabi- Yau configuration as used in KKLT and LVS scenarios. The D7-branes wrapped 4-cycles 
and may host the gauge theory that provides the corresponding non-perturbative effects in the superpotential. The non-trivial fluxes typically lead 
to the 3-cycles corresponding to long throats that give rise to warped factors in the metric and may host anti-D3-branes at their tip to provide the 
dS uplift. 


within the compactification. An anti-D3-brane at the bottom of a warped throat makes a positive definite 
contribution to the potential. This is given by 


el^ 


Vos T+T 

where e“° is the value of the warp factor at the bottom of the throat. Such a contribution uplifts the KKLT AdS 
vacuum to a dS one. The introduction of an anti-brane takes the configuration away from the pseudo-BPS class, 
and various aspects of the effective field theory remain to be understood (see e.g. 
and references therein). Embedding of the system in a supersymmetric effective field 
theory by making use of the nilpotent field formalism is discussed in and references therein. A recent 
construction [203], provides a way to make dS constructions with anti-D3-branes minimalistic (in addition to 
keeping the effective field theory under control). 


e Magnetised branes (204): Here, one considers U(1) fluxes localised in a warped throat on D7-branes wrapping 
the T (volume) modulus. If the vacuum expectation values of the matter fields charged under the U(1) are zero; 
a term is generated in the effective potential which is exactly of the same form as that arises in the presence of an 
anti-D3-brane . This term corresponds to a D-term contribution in the 4-dimensional supersymmetric effective 
action. 


e Kéihler uplift (121) [205] 206)|161]: The a’ corrections to the Kihler potential in the KKLT construction can be 
made to compete with the non-perturbative effects and the flux contributions to produce solutions with positive 
vacuum energy. The dS minima so obtained are in regions which correspond to the edge of the validity of 
the effective field theory. An explicit construction with all geometric moduli stabilised has been carried out in 
[161]. 


e T-branes |207|: In the presence of supersymmetry breaking imaginary self-dual (ISD) 3-form and gauge field 
fluxes on D7-branes, as in a generic string compactification with orientifolds and wrapped branes, one is led to 
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Figure 10: A typical potential giving rise to dS as illustrated by the minimum at positive value of the scalar potential. The x-axis units represent a 
cycle volume while the y-axis gives the scalar potential in arbitrary units. 


T-brane configurations. That is, the D7-brane adjoint scalars ® are in a configuration for which |ð, o'| + 0. 
Such configurations provide a positive definite contribution to the 4-dimensional potential which can uplift the 
AdS minima to dS. Explicit Calabi-Yau orientifold examples with T-brane uplifting in the LVS framework have 
been derived in : 


Dilaton dependent non-perturbative effects (122): Here, dilaton-dependent non-perturbative effects coming 
from E(—1)-instantons or strong dynamics on hidden sector of D3-branes at singularities were considered. The 
non-perturbative term yields a positive definite contribution to the scalar potential similar to that which arises 
from anti-D3-branes. 


dS vacua from logarithmic/power law loop corrections [720]: In the presence of intersecting D7- 
branes, there are loop corrections to the Kahler potential whose contributions to the potential are logarithmic in 
the volume of the compatification [124] [208]. These arise from graviton kinetic terms related to the emission of 
closed strings on non-vanishing local tadpoles. The logarithmic dependence arises from infrared divergences 
due to effective propagation in the two transverse directions to the D7-branes. Combining the logarithmic 
terms with the (usual) power law a’ and g, corrections to the potential, one obtains a non-supersymmetric AdS 
minimum. dS vacua are obtained by incorporating the effects of D-term contributions from U(1) magnetic 
fluxes along the world-volume directions of the D7-branes. 


Closely related are the constructions of [120], where it was found that Kahler moduli can be stabilised by 
perturbative power law corrections, or those of [209] which used the perturbative a’ corrections to generate a 
dS minimum. 


Again, various additional effects can lead to dS minima in the setting. These constructions can provide an avenue 
to obtain dS vacua without making use of the non-perturbative part of the superpotential, whose computation 
involves various subtleties [82]. 


Complex structure F-terms (123): The potential for the complex structure and dilaton generated by fluxes has 
supersymmetric minima where Dy Waux = 0, Ds Wfux = 0. There can also be other minima, ones where the 
F-terms associated with these fields are non-vanishing. These minima lead to dS vacua once the Kahler moduli 
are stabilised without the need of further ingredients. A concrete example with V ~ 10* was constructed in 
[123]. 


e Non-perturbative dS vacua [210]: Here, dS minima arise from stabilising all the geometric moduli in one 
step via the inclusion of background fluxes and non-perturbative contributions to the superpotential. The key 


43 


challenge is to develop a good understanding of the S and U-moduli dependence of the prefactors of the non- 
perturbative effects. Duality covariance was used to constrain their form in the analysis. Finding the minima 
requires sophisticated numerical methods such as genetic algorithms. 


e Compactifications on Riemann surfaces [21T]: This construction makes use of the fact that negative curvature 
in the extra dimensions makes a positive contribution to the 4-dimensional effective potential. In the simplest 
version, the compactification manifold is a product of 3 Riemann surfaces with one of them having genus 
greater or equal than 2. Fluxes are introduced to stabilise the complex structure moduli. At this level, there 
are tadpoles for the dilaton and the volumes of each of the surfaces. These are stabilised by the introduction of 
D7-branes and anti-D7-branes. Supersymmetry is broken at a high scale by the compactification manifold. A 
related recent development is M-theory on hyperbolic manifolds 


3.4.5. Open directions in IIB 


Before moving on to moduli stabilisation in other string theories, we list some interesting open directions in type 
IIB 


e Better understanding of higher derivative and gs corrections: Higher derivative and g, corrections play a central 
role in various scenarios for moduli stabilisation. Furthermore, they are important for checking the validity of 
the effective field theory used for the construction of the vacua. As we have described above, much progress 
has been made in computing these corrections in type IIB. Yet, we still do not have an understanding of all the 
corrections in the most general configuration with branes and fluxes. Developing such an understanding is of 
much importance. To give a specific example, it is important to understand the precise effect of the logarithmic 
corrections of (when they are present; in general, such corrections are absent) in the LVS context, 
see e.g. [146] [157] [156}. 


e Non-perturbative effects: A full understanding of the conditions under which non-perturbative effects in the 
superpotential are generated is of importance (see e.g. the discussion in [82|{190]). Recent progress in this 
direction includes generalisation of the fermion zero mode conditions for effective divisors in CY threefolds 
with singularities along rational curves [213]. 


e The uplift sector: The introduction of the uplift sector is crucial to obtain dS vacua. This ties the uplift sector 
to the issues which arise while defining a quantum theory on dS space (see e.g. [215]}) and the dS 
swampland conjecture (see Sec. [7.7|for a discussion). Thus, progress in better understanding the physics of the 
uplift sector can potentially shed light on various conceptual issues in quantum gravity. 


e F-theory moduli stabilisation: Type IIB models can be thought of as the weak coupling limit of F-theory 
constructions. Thus study of moduli stabilisation in F-theory can potentially lead to novel scenarios and also 
provide better understanding of existing models. The central issue is to address moduli stabilisation directly 
within the F-theory framework. For a review of the phenomenology of F-theory vacua see e.g. [216]. 


e Local curvatures: Our present understanding allows for the computation of the volumes of 4-cycles and 2-cycles 
after moduli stabilisation. This gives information only about the average size of the curvatures; in principle a 
2-cycle with volume which is large in string units can be anisotropic and have regions where the curvature is 
large. While this is a challenge, it is not expected to be a generic issue. Progress on this front will require 
explicit knowledge of metrics on Calabi-Yaus, see e.g. for work in this direction. 


e Model scans: Detailed understanding of models and their phenomenology requires scans over large number 
of models. To give a specific example, the construction of dS vacua requires uplift potentials of very specific 
magnitude (as an order one increase in the magnitude leads to a runaway). Given this, isolating concrete models 
will certainly need an extensive scan over models varying the flux quanta. The large multitude of ITB vacua 
implies that optimisation strategies are important. Modern computational tools are promising in this direction 


(see 2220) [22 1)[222)[223}|224)). 
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e Open string sector: Realistic phenomenology requires the introduction of open string sector(s) which provide 
the Standard Model degrees of freedom|?° Combining stabilisation of the closed and open string modes in 
a controlled fashion in Calabi-Yaus is a very demanding task. This is because of the difficulty to solve the 
minimisation equations in the presence of a large number of complex structure and open string moduli. Much 
progress has been made in this direction but a globally consistent 


model with full moduli stabilisation in a controlled dS vacuum is yet be achieved. 


The nature of the expansion: The weak coupling expansion in quantum field theory is an asymptotic expansion. 
In flux compactifications, the expansion parameters are small but the tadpole constraint implies that one cannot 
take the limit of arbitrarily small coupling (as is true of asymptotic expansions). It would be interesting to 
develop the mathematical theory of such expansions and understand them better. 


3.5. Moduli Stabilisation: The full diversity of scenarios 


Although type IIB constructions are the most studied, they represent only one corner of string theory. It is therefore 
necessary to review moduli stabilisation also in other corners of string theory. 


3.5.1. Moduli stabilisation in type IIA 

In type IIB, there are only 3-form fluxes. These only couple to the complex structure moduli, explaining why 
fluxes in IIB stabilise the complex structure moduli alone. In contrast, type IIA theory has both the NSNS 3-form 
and even RR forms in its spectrum. This allows for a rich structure in the flux superpotential: the 3-form can couple 
to the holomorphic 3-form of the compactification manifold (as in the ITB theory), while even RR forms can couple 
to the Kahler form. Thus one can hope to stabilise all the geometric moduli solely through the presence of fluxes. 
Here, key challenges are instead the lack of a full understanding of the ten-dimensional solutions incorporating the 
back reaction of the fluxes and the questions of how to generate hierarchies and supersymmetry breaking. In fact, it is 
known that the internal manifold can be neither Calabi- Yau nor conformal to a Calabi- Yau once fluxes are turned on. 
For supersymmetric solutions, the internal manifold has to be half flat with an S U(3) structure [228] [229] [230] [231]. 

In view of the difficulty in obtaining ten-dimensional solutions, the approach taken has been to consider configu- 
rations which satisfy the tadpole cancellation conditions and compute the energy functional for these. Critical points 
of this energy functional can be expected to correspond to solutions to the 10-dimensional equations of motion in the 
limit of large volume. We will discuss two constructions in more detail. The first will be set in orientifolds of Calabi- 
Yaus (see e.g. for related work). The second will involve compactifications on 
Nil manifolds [239]. 

The simplest N = 1 supersymmetric IIA orientifolds involve an anti-holomorphic involution acting on a Calabi- 
Yau. The fixed locus of the involution is wrapped by O6-planes. The tadpole cancellation condition for D6-charge 
takes the form: 


Now + | Fo A Hs = 2Noo, 
z 


where Fo is the mass parameter of the IIA theory and È is a 3-cycle that the 3-form threads. Thus, by a suitable 
choice of H3 the tadpole can be cancelled without the introduction of D6-branes. The other fluxes can be arbitrary. 
The effective action for moduli of the orientifold”’]in such configurations was computed in by making use of 
the formalism of [240]. The following interesting features were found 


e The classical flux potential stabilised all the geometric moduli. The axionic partners of the complex structure 
moduli remain unfixed. In principle, these can be lifted by Euclidean D2-instantons but, in practice, such 
massless gravitationally coupled axions are phenomenologically harmless. 


e As opposed to the IIB case, the number of vacua obtained can be infinite. 


e A scaling argument showed that the solutions can be brought to the regime of arbitrarily small values of g, and 
arbitrarily large volume. 


?6For a recent review on construction of the Standard Model sector in ITB/F-theory see ; 
27Type IIA orientifolds have h>! + hi! + 1 scalar moduli, which are part of N = 1 chiral multiplets. 
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Various open questions remain in connecting these DGKT configurations to 10-dimensional solutions. The anal- 
ysis of revealed that the solutions could be lifted to ten dimensions after the O6-plane was smeared. Another 
issue is the quantum interpretation of the massive IIA theory (see for a detailed discussion). Interestingly, no 
stable dS vacua have been found in the setting. Recently, the AdS vacua have been 
explored from the holographic perspective [250] [251], revealing an interesting structure including integer conformal 
dimensions for fields dual to the moduli. 

The second example we discuss is that of [239], which is a construction of metastable dS vacua. As in [PII], 
this exploits the fact that negative scalar curvature in the internal dimensions makes a positive contribution to the 
4-dimensional scalar potential. The compactification manifold used is a product of 2 Nil 3-manifolds (these have 
negative scalar curvature). Orientifolds, branes, fractional Chern-Simons forms and fluxes consistent with tadpole 
cancellation conditions are considered. With suitable choice of the discrete parameters, the curvature, field strengths, 
inverse volume, and 4-dimensional string coupling can be made parametrically small, and the dS Hubble scale can 
be tuned to be parametrically smaller than the moduli masses. However, various aspects of the effective field theory 
remain to be explored (see for a detailed discussion). As the compactification manifold breaks supersymmetry, 
high scale supersymmetry is a generic prediction of the models. 


3.5.2. Moduli stabilisation in heterotic strings 

Heterotic string theory was the original set up for model building in string phenomenology, and as such work 
towards moduli stabilisation also spans across four decades. Nevertheless, although there are by now well-developed 
landscapes of heterotic Standard Models containing the exact charged spectrum of the MSSM 
257], it is fair to say that the programme of moduli stabilisation is much less developed. Moduli stabilisation in 
heterotic string theories share many ingredients with type II scenarios, but there are also a number of aspects that 
make the stabilisation of moduli in heterotic string theory more challenging: 


e The matter sector resides in the bulk, rather than localised on D-branes. This means that the stabilisation of 
geometric moduli and the dilaton cannot be decoupled from the problem of building a realistic particle physics. 
Because the visible sector gauge couplings are set by the 10D dilaton and volume modulus, there are preferred 
values for the moduli in order to obtain gauge coupling unification at the GUT scale: g2/V = agur ~ 1/25 
or, equivalently, ReS = ge” = 2, which are at the bounds of validity of the string coupling and weak 
curvature expansions. Moreover, the GUT scale is identified with Mxx, which however is pushed beyond 
the phenomenological value by the requirement V < 25 that follows from the previous expressions after 
imposing gs < 1. Indeed, for an isotropic compactification, Mgg ~ M;/V ‘ > 8 x 10!f GeV, where we 
used M? ~ M3/4razi ~ (10!7GeV)?, compared with Mour ~ 2 x 10!°GeV. This can be circumvented by 
considering anisotropic compactifications e.g. with two large extra dimensions [258] [259] [260] [261]. 


e The supersymmetry conditions for a Minkowski-CY background, H = -5 * dJ, force all the H-flux to vanish 
for a CY (where dJ = 0) [262], in contrast to type IIB where a supersymmetric background can be obtained 
for primitive (2,1)-type 3-form flux backgrounds. Therefore, at leading order, if fluxes are used to stabilise 
the complex structure moduli in heterotic string theory, one has to pay either by breaking supersymmetry or 
deforming away from a CY. 


The only flux available is that from the single NS-NS 3-form H. The flux superpotential is therefore independent 
of the dilaton; this implies (i) flux backgrounds do not have the no-scale cancellation seen in type IIB (ii) the 
dilaton cannot be stabilised by flux alone and non-perturbative effects such as gaugino condensation have to 
be relied upon. As will be discussed further below, there is in fact an interesting interplay between A-flux 
and gaugino condensation [263] [264], due to the perfect square structure in the heterotic effective supergravity 
theory, which is given in the Einstein frame by: 


2 
1 1 _ a’ : 
Shet D Fat [ars y-8g E (tuse a eN unedo] ) : (128) 


e The H-flux is real. Having only half as many fluxes per modulus compared with type IIB means that one cannot 
use the discretuum of fluxes to tune the VEV of the flux superpotential to small values [265] (the existence of 
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a metastable solution to the 2h; 2 real coupled, partial non-linear differential equations to stabilise the 2h, 2 real 
moduli at weak coupling, with 2h, real flux parameters, leaves little room to further tune W [266]; see also 
for a proof of this in the large complex structure limit); this is dangerous as a large flux superpotential 
induces large runaways in the Kahler moduli and dilaton directions, which is difficult to counterbalance with 
exponentially suppressed non-perturbative contributions as done in KKLT. 


As will be discussed below, small flux superpotentials can be obtained by considering fractional Chern-Simons 
contributions to H. Indeed, in the heterotic string, perturbative anomalies in spacetime or on the worldsheet 
imply that the gauge-invariant H takes the form [268]: 


H=dB- ThA) z EO (129) 


with the Chern-Simons invariant 03(A) = tr(A A dA) + ŽA A^ A ^A and similarly for Q3(w). Note that the Kalb- 
Ramond and Yang-Mills Chern-Simons contributions are leading order in the derivative expansion, whereas 
the Lorentz Chern-Simons term is higher order. Whilst the flat bundles from Wilson lines contribute H-flux 
at leading order, anomaly cancellation and the Bianchi identity force the Chern-Simons H-flux from a non- 
standard embedding of the gauge connection into the spin connection to appear at higher order; the latter’s 
contribution to the superpotential in the low energy effective field theory for massless modes must thus be 
vanishing due to the non-renormalisation theorems [53], although — as we will see — it can still contribute to the 
stabilisation of would-be moduli once these are integrated in. 


In analogy to the open string moduli in type II theories, heterotic string theories have, on top of the geometric 
moduli and the dilaton, a number of vector bundle moduli. The moduli space of complex structure and vector 
bundle moduli does not take the form of a direct product, rather there is some non-trivial mixing imposed 
by the Hermitian Yang-Mills equations 270]. Although in a supersymmetric Minkowski-CY 
background the complex structure moduli cannot be stabilised by H-flux, they may be stabilised by the gauge 
bundle moduli. This will be discussed further below. 


We now review the main moduli stabilisation scenarios for heterotic string compactifications. 


e Heterotic orbifold compactifications. The MSSM has been successfully constructed in heterotic toroidal orb- 
ifold compactifications [271)|253|[254]. The 4-dimensional N = 1 effective supergravity theory describing these 
models can be derived using a combination of dimensional reduction, conformal field theory and 
target space modular invariance that descends from the underlying torus (the latter is typically broken to some 
subgroup by Wilson lines) [275] [276] [277]. Although the dilaton, Kahler and complex structure moduli are flat 
directions at tree-level, non-perturbative effects tend to lift them all. As the dilaton describes the tree level gauge 
couplings, it is lifted by gaugino condensation in a non-Abelian hidden gauge sector [278] [279|(263]. Moreover, 
the gauge couplings also receive threshold corrections from massive string states, which depend on several of 
the Käher moduli and all of the complex structure moduli; these are then also lifted by gaugino condensation 
(interestingly, in some cases, target space modular invariance implies that the resulting scalar po- 
tential goes to plus infinity in both the small and large modulus limits, ensuring the existence of a metastable 
minimum somewhere in-between along this direction and hence forcing compactification [282] [283] [284]]). Fi- 
nally, worldsheet instantons described by metastable untwisted strings formed by twisted strings distributed at 
distant fixed points, lift all the remaining Kahler moduli, which describe the fixed points’ separation [285]. 


These ingredients were combined in [286], which studied the moduli stabilisation of all bulk moduli in top- 
down explicit MSSM models, with 10 real moduli. With moduli stabilisation being induced entirely non- 
perturbatively, it may seem reasonable to expect that a small cosmological constant could be achieved; on 
the other hand, with 10 real moduli directions, a random search for a metastable minimum would only find 
1 in every 2'° solutions. In fact, although many consistent dS critical points were found (and no AdS ones), 
they all had large vacuum energies and tachyonic instabilities. Aside from the search of metastable dS vacua 
— or an understanding as to why they do not exist (see for some discussion on implications 
of modular invariance for the dS swampland proposal) — there are a number of details which require further 
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attention. Not all the moduli dependent terms in the N = 1 Lagrangian are computable with current knowledge. 
The same goes for the input parameters in the 4-dimensional scalar potential, which are certain (non-Abelian) 
singlet matter VEVs, Ag, that (i) ‘turn on’ the worldsheet instanton contributions as Wy, ~ Nopy(Ti)AaAgAy and 
(ii) give masses via higher order Yukawa couplings to charged hidden matter, which would otherwise prevent 
gaugini from condensing. Another important issue is the stabilisation of twisted moduli or ‘blow-up’ modes. 


Smooth Calabi-Yau compactifications without fluxes. Heterotic Standard Models have also been successfully 
built using smooth CY compactifications and algebraic-geometric techniques 257]. 
Key ingredients in these constructions are the non-standard embedding of the gauge bundle into the tangent 
bundle, together with Wilson lines. It may be possible that these very same ingredients help with the moduli 
stabilisation, without the need for the fluxes essential in type II. Indeed, as mentioned above, the number of 
gauge bundle moduli depends on the values of the complex structure and, viceversa, the number of complex 
structure moduli depends on the values of the gauge bundle moduli [112] [269] [267] [270]. The choice of gauge 
bundle may then be such that all the complex structure moduli and a large number of other moduli are stabilised 
at tree level; in the most restrictive case only one combination of the Kahler moduli and dilaton is left as a flat 
direction in an N = 1 Minkowski vacuum [267]. 


In a bit more detail [270], the N = 1 supersymmetry conditions impose that the gauge fields must 
obey the Hermitian Yang-Mills equations of zero slope: Fi; = 0 = Fj; and gJF;; = 0. These conditions 
become, respectively, F-term and D-term conditions associated with a 4D N = 1 effective scalar potential, 
which descends from the term in the 10D action: -Æ S xg (trg F + tr(gg FiFi). For a 
given choice of vector bundle moduli, the F-term condition that the vector bundle be holomorphic with respect 
to a given complex structure fixes some — possibly all — complex structure moduli. The D-term condition 
corresponds to the vector bundle being poly-stable with vanishing slope, and it evidently depends on the Kahler 
moduli via the metric components g}. In fact, it also carries a dilaton dependence via one-loop corrections in 
the weakly coupled string. Thus the D-term condition fixes some — possibly all — Kahler moduli and dilaton, 
with the exception of the overall volume modulus. In fact, if the mass scale of these stabilised moduli is of 
the same order as the KK scale, they should not be considered as moduli at all; so the number of moduli 
in such a compactification is less than that derived from the CY Hodge numbers. The vector bundle moduli 
themselves could be stabilised by the non-perturbative effects, where the Pfaffian prefactors in the superpotential 
are polynomials in the bundle moduli [293] [294]. 


Ref. proved a no-go theorem that a single surviving flat direction could be stabilised by non-perturbative 
effects, due to the constraints imposed by the U(1) symmetries associated with the D-term stabilisation. How- 
ever, if two flat directions survive, they could be stabilised non-perturbatively by gaugino condensation and/or 
instantons; as this starts from a genuine N = 1 Minkowski vacuum, these non-perturbative effects do not suffer 
the usual subtleties associated with rolling solutions [82]. See also for related work in the context of 
heterotic M-theory. It remains an open question whether or not explicit realisations of this attractive scenario 
can be realised. 


Heterotic flux compactifications on non-Kdhler manifolds. As noted above, the introduction of H-flux in leading 
order heterotic compactifications deforms away from N = 1 supersymmetric Calabi-Yaus, either by breaking 
supersymmetry or by leading to a non-Kahler internal space [262]. Indeed, the supersymmetry condition H = 
-4 * dJ, implies that — for supersymmetric backgrounds — flux induces non-KĶKählerity and can only be (2,1) 
and (1,2). Going beyond CY manifolds to manifolds with S$ U(3) structure (a manifold with S U(3) structure 
is one that admits a globally defined spinor, and thus preserves some supersymmetry) leads one to consider 
‘geometric fluxes’ or ‘torsion’, which have even degree and thus the potential to stabilise the Kähler moduli 
at leading order [300]. Manifolds with S U(3) structure are characterised in terms of 5 
so-called torsion classes W; (i = 1,...,5), with dJ € W; @W3 a W, and dQ € Wi @ W2 ®Ws (see 
for a review). The moduli space of general S U(3) structure manifolds is not so well understood. The simplest 
non-CY S U(3) structure manifolds are nearly Kahler manifolds, which have only the first torsion class W1 
non-vanishing. 


Half-flat manifolds arise as the type II mirrors of Calabi-Yaus with NSNS flux [301]; they have vanishing W7, 
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3.9;3: 

Moduli stabilisation in type I has been developed in [320]. So far, the studies have 
been mostly in a toroidal setting (T°/Z) backgrounds). Magnetic fluxes are introduced on D9-branes that wrap the 
internal manifold. The boundary term in the open string action plays a crucial role. This modifies the open string 
Hamiltonian and its spectrum, and leads to constraints on the closed string background fields due to their couplings 
to the open string action. The supersymmetry conditions, together with conditions which define a meaningful world- 
volume theory, put restrictions on the values of the moduli and fix them. The presence of branes and magnetic fluxes 
reduces the N = 4 theory to an N = 1 supersymmetric one. 

The simplest version of the model involves an O9-plane and several stacks of D9-branes. Some of the key features 


W, (imaginary parts of W, and W2), W4 and Ws and their moduli space of metrics is identical to that of the 
mirror Calabi-Yau. In it was shown that dimensional reduction of the heterotic string theory on half- 
flat mirror manifolds, in the large complex structure limit, yields a 4-dimensional N = 1 supergravity whose 
Kahler potential is identical to the mirror Calabi- Yau and whose superpotential is a generalisation of the well- 
known Gukov-Vafa-Witten expression, W ~ f QA(H+idJ) ~ eiT! +6,Z° + L“Ga, with, respectively, geometric, 
NSNS electric and NSNS magnetic flux parameters e;, €, and yu“; thus we see that all the geometric moduli can 
be stabilised in these backgrounds. This result is expected to extend to all S U(3) structure manifolds (see also 
[303] (298]). Progress in constructing gauge bundles for S U(3) structure manifolds has been made for the case 
of nearly Kahler manifolds given as group or group coset manifolds [304] [305] [306]; backreaction of the gauge 
fields induced by the Bianchi identity at order a’ can further help with the moduli stabilisation [307]. Due to 
the runaway dilaton, compactifications on nearly Kahler or half-flat manifolds yield domain wall solutions at 
leading order [306]; a maximally symmetric vacuum could be found by introducing other effects, such 
as gaugino condensation [307]. However, as mentioned, it would be difficult to balance the tree-level H-flux 
against non-perturbative effects that are exponentially suppressed at weak coupling. 


Heterotic flux compactifications with Chern-Simons terms. H-flux appears in the 10-dimensional supergravity 
action in a perfect square together with the gaugino fermion bilinear (728). The supersymmetry conditions on 
a CY background require this bilinear to vanish but by breaking supersymmetry spontaneously, 
a background H-flux and gaugino condensate are compatible with a Minkowski x CY compactification, with 
complex structure and dilaton stabilised [268]. Working out how these effects, understood within the 4D ef- 
fective field theory, are captured by the 10D supergravity theory, has not yet been fully achieved BION. 
Note that satisfying the Minkowski condition would require balancing the background H-flux against non- 
perturbative effects that are exponentially suppressed at weak coupling; as discussed above, this cannot be 
obtained with integer quantised H-flux. Ref. therefore considered the H-flux sourced by background dis- 
crete Wilson lines, via their contributions to the Chern-Simons term in H (129); this H-flux can be fractionally 
quantised instead of integer valued (see Ref. for the computation of Chern-Simons invariants from Wil- 
son line backgrounds, and Ref. for the same from non-standard embeddings). Vector bundle and Kahler 
moduli could also be stabilised into a supersymmetric AdS solution once threshold corrections are taken into 
account. These latter solutions involve some subtleties as they pass through a strong coupling singularity [BII], 
which can be avoided by considering instead worldsheet instantons [265]. 


Heterotic Large Volume Scenario. Ref. put several of the ingredients previously discussed — fractional 
Chern-Simons fluxes, the requirement of a holomorphic slope-stable gauge bundle, tree-level and non-perturbative 
(including one-loop threshold corrections) superpotentials — together with a’ corrections to the Kahler potential, 
to compose a heterotic version of the Large Volume Scenario. In this scenario, the complex structure and gauge 
bundle moduli are stabilised supersymmetrically at leading order, the dilaton non-perturbatively by gaugino 
condensation and/or worldsheet instantons, and the Kahler moduli by subleading perturbative corrections, ulti- 
mately breaking supersymmetry spontaneously in a Minkowski or dS vacuum. If the complex structure moduli 
are stabilised by fractional flux, then |W| ~ O(0.1 — 0.01) and the supersymmetry breaking is high-scale with 
m3;2 ~ Maour; if they are instead stabilised by the gauge bundle, then |W| can be exponentially suppressed 
and the supersymmetry breaking scale can be low. It would be important to work out if these scenarios can be 
realised in a controlled way with explicit top-down constructions. 


Moduli stabilisation in type I 
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e The introduction of oblique (non-commuting) magnetic fields. These are necessary to fix the off-diagonal 
components of the metric. 


e The non-linear part of the Dirac-Born-Infeld (DBD) action is used to fix the overall volume. 
e The large radius limit can be attained by appropriate choice of the magnetic flux quanta. 


e The magnetised branes lead to D5-brane charge, for which the associated tadpole has to be cancelled (this can 
be done without the introduction of D5- and O5-planes). 


At this level, the axio-dilaton remains unfixed. It can be fixed by turning on NSNS and RR fluxes. The choice 
of fluxes can be made so that the background continues to preserve N = 1 supersymmetry and remain in the weakly 
coupled regime (g, « 1). 

Interesting open directions for type I strings are: 


e Study of the analogous non-supersymmetric backgrounds. 


e Developing a complete understanding of open string moduli stabilisation in the setting. 


To see if dS vacua can be obtained. For this, understanding various higher order corrections to the effective 
action are important. One advantage is that a full string theory description is available and this can be used to 
compute the relevant corrections. The methods developed in [321] can be useful to compute non-perturbative 
effects. 


e Implementing the analogous mechanisms in CY compactifications. 


Counting the number of such vacua and developing an understanding of their statistical properties. 


3.5.4. Moduli stabilisation in M-theory 

M-theory compactifications on manifolds of G2 holonomy lead to 4-dimensional theories with N = 1 supersym- 
metry. Phenomenologically viable compactifications with non-Abelian gauge symmetries and chiral fermions arise 
if the G2 manifolds have specific types of singularities. Non-Abelian gauge fields are localized on 3-dimensional 
submanifolds inside the internal space [322]. Chiral fermions are supported at points in the internal manifold where 
there are conical singularities of a particular type [323]. Although many examples of smooth G2 manifolds have 
been constructed [324] |325}, an explicit construction of compact G2 manifolds with the singularities required has not 
been carried out so far. But such singular manifolds are believed to exist based on dualities between M-theory and 
heterotic and type ITA compactifications. The phenomenological studies of these involve assuming the existence of 
the singularities and exploring the implications. 

Upon reduction to 4 dimensions, geometric moduli corresponding to volumes of 3-cycles, s;, pair up with axionic 
fields that arise from the dimensional reduction of the C3 potential to yield complex scalars which are part of N = 1 
chiral multiplets. Let us summarise some of the key features of the 4-dimensional effective action that describes 
moduli dynamics (see e.g. for further details). The Kahler potential is 


K =-31nV3, 


where V7 is the volume of the 7-manifold (in units of the eleven-dimensional Planck length). The volume is known to 
be a degree 7/3 homogeneous polynomial in s;, the 3-cycle volumes. We will focus on scenarios in which the moduli 
are stabilised as a result of condensation in gauge theories which are localised on three-dimensional submanifolds ?*| 
For an S U(N) gauge theory, this leads to a superpotential 


(130) 


-27 f; 
W=Aexp/ ah), 


?8For constructions involving non-trivial background C3 flux see e.g. 
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where fj, is the hidden sector gauge kinetic function and A is related to the cutoff of the supersymmetric gauge theory. 
The gauge kinetic functions are related to the moduli fields by relations of the form fp = N'd;; where ¢; are the moduli 
(in conventions in which the imaginary parts correspond to the volumes of 3-cycles and the real parts are axionic) and 
Nİ are integers. The sum runs over all moduli. In general, there are multiple hidden sectors; the superpotential is the 
sum of contributions of the type arising from each one of them. This leads to a moduli potential which stabilises 
all of them. In fact, all the moduli can be stabilised by considering superpotentials that arise from two hidden sector 
contributions [332]. The vacua obtained are AdS. The value of the cosmological constant can be tuned 
by varying the ranks of the condensing gauge groups. As there are no fluxes, the landscape of vacua is scanned by 
scanning through these ranks. 

Candidate dS vacua have been constructed in [8311833]. This was done by including matter fields charged under 
the hidden sector gauge symmetries. The dominant contribution to the vacuum energy then arises from F -term 
contributions of hidden matter fields and there are solutions with a positive value for the cosmological constant. See 
for a detailed review of these models. 

The most important open direction is to develop an understanding of the nature of the singularities that can arise 
in compact G2 manifolds. With this, one can carry out a systematic derivation of the matter content and the associated 
effective field theory. 


3.6. Holographic Approaches to Moduli Stabilisation 


The standard approach to moduli stabilisation, as just described in this section, operates through the language 
and techniques of effective field theory. It starts with a 10-dimensional quantum string theory. Using dimensional 
reduction and effective field theory, it aims to describe the dynamics of this theory in a 4-dimensional language in 
which the string and Kaluza-Klein modes have been integrated out. Vacua of this 4-dimensional theory are found and 
then claimed to be also vacua of the full 10-dimensional theory. This claim is justified by computing corrections to 
the 4-dimensional theory, in both the a’ and g, expansion, and showing that they are small. The smaller we these 
corrections are computed to be, the better we think we control the vacuum. 

Recently, a complementary approach to thinking about moduli-stabilised vacua has appeared. Most scenarios of 
moduli stabilisation give, at least initially, AdS vacua and additional ingredients are necessary to uplift these vacua 
to dS solution. We know from the AdS/CFT correspondence that AdS vacua often have an interpretation in terms of 
dual conformal field theories. Even without an explicit construction of a dual CFT, the symmetries of AdS map onto 
the symmetries of CFTs [335]. It is therefore interesting to re-express the properties of phenomenologically appealing 
moduli-stabilised AdS vacua in terms of CFT quantities. 

States in the AdS theory correspond to operators in the CFT. Single-particle excitations in the AdS theory corre- 
spond to single-trace primary operators in the CFT, while interactions map onto higher-point correlators in the CFT. 
Although the whole AdS theory can be mapped into the CFT, the simplest relation concerns masses and conformal 
dimensions, 


Ao(Ag — d) = M4R gg» (131) 


where ® denotes both a field in AdS 4+1 and its corresponding dual operator in CFT4, A is the conformal dimension 
and Rags is the AdS radius. 
The aims of this program are 


e By rewriting the vacua of moduli-stabilisation scenarios in an alternative language, search for hidden structures 
that may be opaque when written in the more conventional language of supergravity and dimensional reduction. 
From the perspective, AdS moduli-stabilised vacua at many different scales appear very similar from a CFT 
perspective (e.g. ). Another example of this is the discovery that the mass spectrum of moduli in 
type ITA DGKT vacua all correspond to integer conformal dimensions in any dual CFT. This is a striking feature 


whose origin is not yet understood [250] 342]. 


In the study of CFTs, the bootstrap program has been able to develop some sharp bounds on allowed consis- 
tent regimes for CFTs for quantities such as operator dimensions, both ruling out certain possible ranges and 
isolating some allowed islands which contain consistent theories (see e.g [343]). By writing moduli-stabilising 
scenarios in CFT language, this provides a chance of ruling out particular scenarios (in the case that they could 
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be proved inconsistent through CFT techniques) or giving strong evidence for their consistency (if they were 
found to exist in an allowed island). 


e Certain swampland criteria applicable to AdS theories may be given a sharper understanding when viewed 
holographically from the perspective of a dual CFT. Examples include the weak gravity conjecture [344 
, and the Swampland Distance Conjecture [350}|35 1}. 


e The use of CFT techniques may eventually allow an end-run around the need to use perturbative effective 
field theory arguments to argue for the consistency of such vacua. This would be appealing as, in practice, it is 
unlikely that all a’ or g corrections could ever be computed for realistic string vacua with N = 0 supersymmetry. 


e Moduli-stabilised vacua exhibiting hierarchies have some unusual features from a CFT perspective. The pres- 
ence of a small vacuum energy implies the central charge of the CFT is parametrically large. As the string and 
Kaluza-Klein modes are parametrically heavier than the moduli fields, the resulting CFT is scale-separated: it 
contains a parametrically large gap between the conformal dimensions of the single-trace operators correspond- 
ing to the moduli and the conformal dimensions of the heavy fields corresponding to the string and KK modes. 
This is a striking property as no such CFTs are currently known. 


There are two lessons one could draw from this. The pessimistic one is that this may lead to the exclusion of 
standard moduli stabilisation scenarios such as DGKT, KKLT and LVS via holographic methods. The optimistic 
one is that the distinctive properties of these moduli stabilisation scenarios may act as guides enabling a direct 
construction of scale-separated CFTs, which would represent a major breakthrough in conformal field theory. 


Although this program is still relatively new, it offers considerable promise as a way of uncovering deeper structure 
in compactifications and also as a potential gateway to the discovery of scale-separated CFTs. 


3.7. Other Approaches to dS 


e Non-critical strings (352): This construction is based on asymmetric orbifolds of super-critical strings (it builds 
upon |67]). Taking the number of dimensions to be large and turning on fluxeq”>} dilaton potentials are generated 
leading to nontrivial minima at arbitrarily small cosmological constant and string coupling. These are separated 
by a barrier from a flat-space linear dilaton region. Estimates of the width of the vacua for decay to the flat 
space region via instanton processes yield a time scale which is larger than the Poincare recurrence timef| 
Much remains to be understood about the effective field theory of these models. 


e Non-geometric vacua: T-duality transformations on flux vacua leads to non-geometric vacua i.e. configurations 
where the metric is defined on the internal manifold modulo duality transformations, see e.g 
and for an overview. Non-geometric constructions can yield dS vacua without tachyons 
[362] [363]. However the exact form of the moduli space is unknown, and this is required to check the validity of 
the approximations. Moreover, the tree-level stabilisation procedure typically leads to a 4-dimensional potential 
of order the string scale with the volume of the internal manifold also close to the string scale, putting under 
pressure the validity of the KK truncation used to define the 4-dimensional effective field theory. 


e dS vacua from RG running: The 4-dimensional low energy effective actions obtained from string theory are 
Wilsonian effective actions that arise after integrating out the string and Kaluza-Klein modes. The Wilsonian 
scale associated with these actions is the Kaluza-Klein scale, which is much larger than the scales of cosmologi- 
cal observations of the energy density of the universe. To obtain the effective action relevant at the cosmological 
scales, all particles with masses between the Kaluza-Klein and cosmological scales have to be integrated out. 
As a result of this, an AdS minimum of the high scale action can correspond to a solution with positive energy 
density at the cosmological scales. This possibility has been analysed in [364] (365). Conditions on the spectrum 


2°Tn D dimensions, the number of RR fields is 2?. They dominate the spectrum. 
; ; i Mp : : PEER : i ; 
30The Poincare recurrence time for dS space, trece ~ H -lesas withS ds ~ ma the entropy of the cosmological horizon, is the time-scale in which 
the finite entropy system violates the second law and enters briefly a very low entropy state. It is expected on general grounds that any dS space 


must decay in a time shorter than trec i 
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of LVS models necessary to achieve this have been studied in detail. In this picture, a high density of AdS vacua 
of the high scale effective action translates to finely spaced dS vacua at low scales. This can be used to tune the 
observed value of the cosmological constant. 


e dS from a decaying AdS: This scenario is a variation of the Randall-Sundrum construction. In the Randall- 
Sundrum construction, two identical AdSs vacua are separated by a 3-brane. The five-dimensional graviton has 
a zero mode confined on the brane and this leads to the observers on the 3-brane effectively experiencing gravity 
in 4 dimensions (despite the brane being embedded in a five-dimensional space). Localisation of the graviton 
wavefunction is also responsible for solving the hierarchy problem between the Planck and weak scales. To 
obtain an effective dS space for 4-dimensional observers, considered the setting with a metastable 
AdSs5 vacuum decaying to a supersymmetric one via bubble nucleation. A spherical brane separates the two 
phases and observers on the brane experience an effective positive cosmological constant coupled to matter and 
radiation. Various aspects of the proposal have been studied in [867], and see for a related construction. 


e dS as a coherent state: It has been proposed that 4-dimensional dS space is a coherent state (in particular a 
Glauber-Sudarshan state) over a supersymmetric Minkowski vacuum (see e.g. [369][370]). The claim is that this 
is realizable in full string theory, but only with the inclusion of with temporally varying degrees of freedom and 
quantum corrections arising from them. Fluctuations over the dS space is governed by a generalized graviton 
(and flux)-added coherent state. The realisation of dS space as a state, and not as a vacuum, potentially resolves 
many conceptual issues associated it. 


3.8. Vacuum Transitions 


One of the most robust and striking outcomes of moduli stabilisation is the fact that our universe is clearly un- 
stable. Either it corresponds to one of the many flux vacua with a positive cosmological constant which indicates an 
asymptotically dS space in four dimensions or it corresponds to a time varying configuration in which one or many 
fields runaway towards the 10-dimensional vacuum with vanishing string coupling. In both cases the universe is un- 
stable, either by the runaway in the latter case or by tunneling from the dS minimum towards other vacua including 
the lower energy one corresponding to flat 10 dimensions. This is known as a vacuum transition. For a general review 
see [371] [872]. 

Therefore the term moduli stabilisation is relative since at some point the 4-dimensional vacuum is not stable but at 
best metastable. Itis then important to understand the possible final outcomes of each of these vacua. Over the past 40 
years vacuum transitions have been studied in field theory and gravity following the seminal work of Sidney Coleman 
and collaborators. Itis a subject in which quantum aspects of gravity play a crucial role and together with the study 
of black holes it is the main arena to explore in which to learn quantum gravitational physics. At some point the full 
machinery of string theory should play a role in understanding properly this phenomenon. In the meantime, following 
the effective field theory approach of this chapter we may explore the decay rates for the string vacua discussed in this 
section, such as type IIA and KKLT and LVS in type IIB flux compactifications. 

Given the apparent immense nature of the flux landscape vacuum transitions can play a crucial role in string 
cosmology. In this scenario the beginning of our universe would most probably be a vacuum transition from another 
universe and a potential end of (at least a portion of) our universe could also be through a vacuum transition to yet 
another universe. 


Transitions without gravity 

We all know the well understood tunneling effect in quantum mechanics for which a particle can cross a potential 
barrier with a non-vanishing probability. The transition rate can be explicitly computed using the semi-classical WKB 
approximation y = e'S/” with S = So +hS, +--+. The transition rate is exponentially small due mainly to the 
exponential decay of the wave function in the region under the barrier. 


2 X2 
T= a ~ e Bin, B= f dx ¥2m(V(x) — E) (132) 


Where W; r are the incident and transmitted wave functions, V(x) the potential energy and E the energy. Notice that 
since, under the barrier, the argument of the square root is positive, it hints at a classical negative kinetic energy and so 
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Figure 11: Vacuum transitions in field theory and gravity. 


imaginary speed, which in turn would indicate an imaginary time that has lead to a Euclidean rather than Lorentzian 
approach when this is extended to field theory. 

For quantum field theory Coleman and collaborators found that this WKB approach in quantum me- 
chanics can be generalised considering a scalar potential with at least two different minima, the false (Vry) and true 
(Vry) vacua depending on the value of the potential at the minima, separated by a barrier of height AV = Vry — Vrv. 
Since in field theory the energy is an integral over the full spacetime volume of the energy density determined by the 
scalar potential and the scalar field gradients U(¢) = f dx (1V9? + 4) the transition amplitude vanishes (since it 
corresponds to an infinite potential barrier). Instead, the transition happens locally by bubble nucleation, in the sense 
that a bubble of the true vacuum can materialise in a background of the false vacuum and then expand. Since there 
are many paths that the field can follow to interpolate between the two vacua, Coleman and collaborators developed a 
formalism to estimate the transition rate per unit volume T using instanton techniques in Euclidean field theory. The 
path connecting the two vacua that minimises the action corresponds to an instanton that, due to the time reversal 
invariance of the equations, start at one point and finishes at the same point, and hence is known as a bounce. 

The bounce can be found by solving the Euclidean action field equations: 


2 
TE +V9-— =0 (133) 


The transition rate can be estimated numerically and can be explicitly computed in the thin-wall approximation € = 
Vry — Vry much smaller than the height of the barrier. The transition probability per unit volume takes the form 


Tee Bh. B = S (gp) — S (pry) (134) 


where S(p) corresponds to the action evaluated at the bounce configuration and S (pry) the action at the background 
false vacuum. 

An important property of the bounce is that the field equations (and boundary conditions) are not only spherically 
symmetric, corresponding to the symmetry of the bubble, but have an enhanced O(4) symmetry since they can be 
formulated in terms of the O(4) invariant parameter E = t + r°. Coleman and collaborators used an O(4) ansatz 
y = ¢(€) to find the bounce and later on proved that it is actually the minimum configuration [375]. However, in order 
to study the further evolution of the bubble after materialisation, a Wick rotation needs to be performed T — it and the 
O(4) symmetry becomes O(3, 1). The region outside the light-cone of the origin can be properly treated in terms of 
the coordinates t, r. But the region inside the light-cone does not exist in the Euclidean coordinates and in Lorentzian 
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coordinates are better described by the change of coordinates (7,7) = (V2 — r2,r/ Vf — r°). It can be easily seen that 
in terms of these coordinates the Minkowski metric takes the form 


o p| d? D 
ds? = dÊ -? re + (de + sin? aad?) = d? — Pd (135) 
corresponding to a an open (k = —1) FLRW universe. 


Transitions including gravity 

Let us then briefly review the subject of vacuum transitions in gravitational theories. Following the Euclidean 
approach, in a seminal contribution, Coleman and de Luccia (CDL) further generalised the vacuum transition 
formalism to include the effects of gravity. Contrary to the case without gravity, in which the formation and evolution 
of the bubble corresponds to opposite contributions from internal pressure and the tension of the wall, once gravity is 
included it also contributes to the stability of the bubble. In particular it allows up-tunneling transitions from the true 
vacuum to the false vacuum in which pressure and tension both tend to compress the bubble but gravity, through the 
presence of the cosmological constant, contributes towards the expansion of the bubble. actually, Lee and Weinberg 
[377] estimated the transition rate from true to false vacuum. 

A further important observation on the gravity case is that there is no proof that the optimal instanton configuration 
is the O(4) symmetric bounce. Nevertheless CDL assumed this symmetry and managed to estimate the transition rates 
for both dS to Minkowski and Minkowski to AdS. Further generalisations were done later on. 

A related but different approach to vacuum transitions was performed by Brown and Teitelboim (BT) in 
which instead of a scalar potential with different minima, they studied bubble nucleation in terms of a theory with 
fluxes, similar to the ones discussed in the previous sections. They concentrated on the case of 3-index antisymmetric 
tensors coupled to gravity in which even though they do not correspond to propagating degrees of freedom, they can 
give rise to the nucleation of membranes in 4 dimensions. A chain of transitions may be induced reducing the fluxes 
and then the value of the cosmological constant. Their estimate of the transition rates were performed in the Euclidean 
approach and agree with the CDL calculations in the thin wall approximation. In particular for a transition from dS 
space with cosmological constant Ag = 3H2 to another vacuum with A; = 3H? nucleating a bubble of tension xk is 
T =e 8/" with 

n [[(H} - AD? + (H + HP) Ro 


B=- H”? - H? 136 
G 4xH2,H? 2 ue) cal, 


where 
R? = a [AG — H?P +2? (H? + H?) + “| (137) 
Here the indices I and O refer to inside and outside the bubble. This includes both down and up-tunneling between 
the 2 dS spacetimes. An interesting property of these transitions is that the ratio of up to down-tunneling can be easily 
computed and give Tup/Tdown = @ 87" with S ry, S ry corresponding to the entropies of each of the vacua, true 
and false respectively. Recall that the entropy of dS space is given by S = 2/(GH7). Therefore this is a statement 
of detailed balance in which in equilibrium the relative transition rates are weighted by the corresponding entropy. 
Similar to the case without gravity, the evolution of the bubble after materialisation requires an analytic continuation 
from a Euclidean to a Lorentzian metric that describes an open universe. Note, however, that this result fully relied on 
the underlying O(4) symmetry of the bounce, something which is far from being shown in the case with gravity. 
Similar results for the transition rates hold for AdS down tunneling. However here a condition on the relative value 


of the cosmological constants and the wall tension has to be satisfied: x < ie -4 ||. Furthermore up-tunneling 
from AdS is not allowed. Nor from Minkowski to dS. However a proposal by Farhi, Guth and Guven (FGG) 
for creation of universes in the laboratory meaning nucleating a dS bubble from Minkowski, has been considered. 
Following the standard Euclidean approach it was found that a singular instanton is needed in order to achieve the 
bubble nucleation. 

This prompted a Hamiltonian approach by Fischler, Morgan and Polchinski in which the Minkowski to 
dS transition was reconsidered and concluded that it is actually possible to realise the FGG proposal in Lorentzian 
spacetimes. A key ingredient of this Hamiltonian formalism is to assume only the standard O(3) spherical symmetry to 
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Figure 12: Vacuum transitions in string theory. First bubble nucleation from flux/D3 brane charge transitions illustrated by the vertical arrow. 
Then a CDL-like transition crossing the potential barrier illustrated by the horizontal line. In string theory this transition may correspond towards 
decompactification. 


describe the bubble and its evolution. This symmetry automatically include Schwarzschild black holes solutions with 
a given mass parameter M. As long as M + 0 the up-tunneling from Minkowski is allowed. Recent generalisations of 
this result have been developed [382]. The Hamiltonian approach is so far very much restricted to the extreme 
thin-wall approximation and further developments need to be performed to include scalar potentials with different 
minima. The calculations are also performed in the global dS slicing that when studying the further evolution of the 
bubble wall fits with a closed rather than open universe. This put at least into question the general claim from the 
Euclidean approach that the universe within the bubble has to correspond to an open universe. This is an important 
point for the string landscape since if the open universe claim holds in general, it may be conceivable to rule out the 
full string landscape if in the future is found that the universe is not open [383] [384] [385]. This subject needs further 
studies before arriving to a concrete conclusion. 


Transitions in string scenarios 
In string theory we may consider the scenarios discussed in the previous sections. First we should point out that 
there can be at least two different types of transitions: 


1. Transitions of the Brown-Teitelboim type corresponding to transitions among vacua corresponding to the dif- 
ferent quantised fluxes. Concretely, given two vacua with values of three-form fluxes Hmnp, Fmnp in terms of 
integers (K, M). For a transition from a (K, M) vacuum to a (K’, M’) vacuum, a brane carrying D3-brane charges 
(K — K’, M — M’) can be nucleated to mediate between the two vacua. These are precisely D5 (or NS5 ) branes 
that can wrap the 3-cycles carrying the fluxes and with the remaining 2 spatial dimensions corresponding to an 
S? wall separating the two different 4-dimensional vacua. 


This provides an elegant string theory implementation of the 4-dimensional vacuum nucleation picture. It fits 
nicely in the sense that D3 and D7 branes being BPS and codimension 4 have been used to host the Stan- 
dard Model and/or hidden sectors, whereas D5-branes do not play a direct role as long as supersymmetry is 
preserved (since supersymmetry requires codimension 4 branes). But D5-branes naturally couple to 3-forms 
and furthermore the extra dimensions nicely fit with the dimension of a wall separating different 4-dimensional 
vacua. From the 4-dimensional EFT, there is not a scalar potential which connects the two vacua so this cannot 
be explicitly described in terms of the CDL bounce solution within the 4-dimensional EFT. But it fits nicely in 
the BT formalism. 
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2. Transitions a la CDL are also implemented since any potential dS vacuum should coexist with the runaway 
vacuum corresponding to infinite volume and vanishing string coupling. The potential for the volume modulus 
connects both vacua and the transition may be estimated. 


Transition rates have been estimated for type HA as well as type IIB flux compactifications (for both KKLT 
and LVS) vacua [11718871588]. The probability amplitude I ~ e~24*"/4o where Ag is the value of the scalar potential 
at the dS minimum. The corresponding lifetime rT ~ 1/T is exponentially small as compared with the Poincaré 
recurrence time which is reassuring. Furthermore the transition from dS to an AdS is preferred over dS to dS and the 
CDL transition towards decompactification dominates the dS to dS transitions. 

An interesting observation was made in regarding the actual implementation of the bounce solution 
in a toy model version of flux compactifications with two dS vacua plus the runaway. The claim is that not only 
the decompactification transition is preferred but that the potential bounce solution connecting the two dS vacua 
necessarily follows into the runaway towards decompactification providing a potential obstacle to implement the 
transition. Note however that contrary to the toy model in which both transitions corresponded to the CDL type, in 
flux compactifications the flux transition is of the BT type whereas the decompactification is of the CDL type. 
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4. String Inflation 


4.1. Embedding Inflation in String Theory 

As described in Section B} inflation is the leading candidate theory for the origin of structure in the universe. This 
reason alone would justify attempts to embed inflation in string theory (see 
for detailed reviews on different aspects of string cosmology and inflation in string 
theory). However, there are more specific reasons why a consistent theory of quantum gravity is necessary for a full 
understanding of the inflationary dynamics. 


4.1.1. Motivations for String Inflation 
There are several reasons to require a consistent embedding of inflation models within string theory. Below, we 
list those which we consider most relevant: 


e UV sensitivity of inflation: As we discussed in Section [2.3] single-field inflation is driven by the dynamics of 
a scalar field with mass Mint below the Hubble scale during inflation Hint. This can be see from the second 
potential slow-roll parameter ņy introduced in (43). which can be expressed as 


2 
inf 
H2 


ny = <1, (138) 


where the condition 7y « 1 guarantees that inflation lasts for long enough to solve the horizon problem and 
flatness problems. However, in the absence of a protection mechanism based on (approximate) symmetries, 
quantum corrections are expected to make these scalars heavy, so that ny =~ O(1). 


There are two generic sources of O(1) corrections to the yy-parameter. First, quantum effects tend to generate 
corrections to scalar masses of order the cut-off of the effective field theory A, Ming ~ O(A). For controlled 
inflationary model building with Hing < A, one has from nv Z 1. Secondly, even if the scalar potential 
arising from relevant and marginal operators yields ny < 1, irrelevant operators of the form 


o\ 
av=evø (£) , (139) 
would produce a correction to ny of order 
May _. 
Any = 2¢(—) with AS Mp, (140) 


that would violate the slow-roll condition if A < Mp), or if c = O(1) for A = My. 


This is usually referred to as the ny-problem in single-field inflation. A solution to it, if not based on fine- 
tuning, requires the presence of symmetries which can be only provided by a consistent UV embedding. These 
symmetries, even if not exact (as for the case of global symmetries in quantum gravity), may be enough to 
explain why c « 1. This UV-sensitivity of inflation implies that inflationary model building can only be trusted 
with a knowledge of its UV completion. Note that a robust UV embedding is needed even if the ny-problem is 
addressed by relying on fine-tuning, since one has to ensure that the underlying theory features enough freedom 
to allow ny to be tuned to a small value. 


On the other hand, as we discussed in Section [2.3] the ny parameter in multi-field inflation does not have to 
be small. Indeed, the masses of the inflatons can be larger than the Hubble scale Hint during inflation without 
affecting slow-roll The problem of UV sensitivity of inflation in this case cannot be formulated in 
terms of the inflaton masses, i.e. ny of Eq. (100). 


31 We discuss an example of this below. See Appendix A of for a list of examples in field theory, and for more details and examples in 
supergravity. 
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e Trans-Planckian field excursions and the tensor-to-scalar ratio: We saw in Eq. (69). reproduced here, that the 
size of the tensor fluctuation can be related to the field displacement of the inflaton by, 


A Nac 
AP a f dN Vi (141) 
Mp Nend 8 


Large and observable values of the tensor-to-scalar ratio r correspond to trans-Planckian field excursions of the 
inflaton ọ. Indeed, the simplest field theory models of single-field inflation, such as chaotic inflation, all lead to 
substantially trans-Planckian field excursions (see Eqs. (78)-(80) in Sec. [2.3). 


Eq. represents a rare example where the Planck scale — the quantum gravity energy scale — explicitly 
appears inside a quantity that is observable, not only in principle but also possibly in practice with current 
technology. By definition, a trans-Planckian inflationary field excursion requires the existence of a potential 
within the UV-complete theory that sustains an approximately de Sitter phase across a Planckian distance in 
field space. Whether such regions can exist can only be answered within a quantum gravity theory. For any 
potential V;, -(y), generic non-renormalisable corrections with O(1) coefficients 2,,, 


V funle) = Vint Y) + > an (142) 
Pl 


will destroy the flatness of trans-Planckian field excursions. Whereas the 7y problem only required control 
over the quadratic term in the potential, flatness on trans-Planckian scales requires control over all terms in Eq. 
(142). 


Again, the multi-field case is more subtle. In that case, Ay corresponds to the multi-field inflationary trajectory. 
This may or not coincide with the geodesic trajectory in field space, which in general will be curved. Thus in 
the multi-field case, the potential can be very steep (indicating the possibility of heavy inflatons, as discussed 
before), while inflation proceeds along a suitable flat non-geodesic trajectory|*>| 


Having a UV-complete theory of quantum gravity, such as string theory, thus allows to address questions about 
the structure of the potential and whether it supports geodesic (single-field) or non-geodesic trans-Planckian 
field excursions. This is especially relevant given that many of the best known field theory models of infla- 
tion, such as chaotic inflation or natural inflation, require trans-Planckian field excursions. The difficulties of 
attaining flat potentials over such field excursions in string theory has been appreciated for a long time (e.g. see 
[407]) and has recently received renewed attention with the Swampland Distance Conjecture (see the discussion 
in section[7). 


e UV constraints on model building: Field theoretic models of inflation can be characterised by almost any kind 
of inflationary potential, with very different predictions for the main cosmological observables. However the 
requirement of a sensible embedding into string theory, based on explicit Calabi-Yau realisations with full 
moduli stabilisation, can strongly constrain the allowed shape of the inflationary potential. 


e Connection to observations: Inflation represents a unique possibility to test high scale physics like string theory 
due to the fact that the inflation scale is expected to be not too far from the Planck scale. Moreover, string theory 
applications to inflation may lead to the discovery of features which are either generic in the string landscape, 
or alternatively impossible to achieve from string theory with control over the effective field theory (one case 
may be large primordial tensor modes together with low-energy supersymmetry). Such predictions can lead 
to sharper tests of string theory scenarios, in particular through studying the interplay between cosmology and 
particle physics within the same model. 


32Moreover, when more than one scalar field is active during inflation, entropic perturbations may be converted — more or less effectively — into 
adiabatic perturbations, introducing a transfer angle © in through r = 16 ecos? ©. 
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e Initial conditions: Embedding inflation into string theory can help to understand the delicate issue of initial 
conditions and the mechanism through which inflation started. 


e Reheating: A complete understanding of reheating after the end of inflation requires the knowledge of all 
relevant degrees of freedom at inflationary energies to make sure that the inflaton energy density is transferred 
to the production of Standard Model degrees of freedom without too much energy being lost into hidden sector 
particles. To perform this analysis it is clearly crucial to have a robust UV embedding of inflation into string 
theory to control all the microscopic degrees of freedom. 


4.1.2. Requirements for String Inflation 
Besides the reasons to embed inflation into string theory, let us briefly discuss what are the main conditions that a 
perfect working model of string inflation should satisfy: 


e Moduli stabilisation: All the closed and open string moduli should be stabilised. The scalar potential should 
feature a region suitable to drive inflation without any orthogonal runaway direction which would destabilise 
the inflationary dynamics. Ideally, the same scalar potential should also allow for a proper description of the 
late-time evolution of the universe, including both the reheating epoch and also either a de Sitter minimum or a 
quintessence direction. 


Hierarchies: A controlled low-energy effective field theory should be characterised by the following mass 
hierarchy throughout the whole inflationary dynamics: 


Mint < Hing < Mgr < M, < Mp, standard hierarchy, single and multi-field (143) 
Hint < Ming < Mgg < M, < Mp, multi-field inflation (144) 


where Hint is the Hubble scale during inflation and Mint denotes the inflaton mass during inflation. In the multi- 
field case, it denotes the eigenvalues of the mass matrix M°, = V“V,V along the inflationary trajectory. In the 
standard hierarchy case (143), all the moduli with mass m > Hint are heavy and sit at their minimum during 
inflation. The moduli with a mass of order the Hubble scale during inflation or smaller, m < Hing, should 
be analysed in detail as they can affect the inflationary dynamics. In this sense, the cleanest situation is the 
single-field case where all the moduli different from the inflaton can be decoupled since they are heavier than 
the Hubble scale. Other scenarios are instead intrinsically multi-field and need a deeper analysis (one possible 
exception involves additional axion fields which always remain massless and decouple from the dynamics). Let 
us also stress that the requirement to realise inflation below the Kaluza-Klein and the string scale is just due to 
our poor understanding of the full dynamics involving stringy corrections but it does not need to be a regime 
preferred by Nature. 


e Computational control: Any scalar potential receives quantum corrections of several kinds in different regions 
of the underlying parameter and field spaces. Hence any working model of accelerated expansion needs to 
have computational control over the effective field theory. This requires that the size of all cycles should be 
fixed above the string scale and both the a’ and the string loop perturbative expansions should be under control. 
Leading and higher order non-perturbative effects should also be computable and the backreaction from fluxes 
and localised objects should also be suppressed, or properly included. 


e Calabi-Yau embedding: In order to have a successful model of inflation from string theory, a string-inspired 
supergravity setup is clearly not enough. Ideally, one should build a globally consistent Calabi-Yau (or equiv- 
alent) compactification with a rigorous description of the underlying geometry and topology, and an explicit 
orientifold involution and brane setup. In this way one can have control over the underlying Kahler cone which 
determines the field space, and can check if the brane setup and the divisors have the right topology to generate 
the desired perturbative corrections to the Kahler potential and instanton contributions to the superpotential to 
freeze the moduli and generate the inflationary potential. Given that the real world does not feature just an ini- 
tial epoch of accelerated expansion, the same Calabi- Yau compactification should allow for the realisation of a 
Standard Model-like sector with a non-Abelian gauge group and chiral matter, together with a viable reheating 
process to produce it after the end of inflation. 
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e Comparison with data: An ideal working model of string inflation should clearly match all existing data about 
cosmological observables. The main data to fit are the scalar spectral index and the amplitude of the den- 
sity perturbations, together with the present upper bound on tensor modes. Stringent bounds arise also from 
non-Gaussianities and the amplitude of isocurvature modes which become particularly relevant in multi-field 
models. In fact, fields which are lighter than the inflaton, like ultra-light axions typical of string compactifica- 
tions, might behave during inflation just as spectator fields which acquire isocurvature fluctuations that might 
be in tension with data if their later contribution to dark matter is considerable. Moreover bounds from dark 
radiation and dark matter overproduction should be respected in the reheating and post-inflationary epoch. 


e Novel predictions: Ideally, a successful model will also produce novel predictions for upcoming experiments 
that are characteristic of the scenario and also distinguish it from other related models. 


It is clear that no existing model in the literature satisfies all these requirements perfectly. However, it is useful to 
hold them all in mind as the ultimate aspirational target. 


4.2. Single-Field Inflation 


Let us start our discussion with the case where only one modulus remains light and can be identified with the 
inflaton, or where more fields are light but the cosmological predictions remain effectively those of single-field infla- 
tion. The most robust models are based on shift symmetries which protect the flatness of the inflationary potential and 
provide an elegant solution to the ny-problem in single-field inflation. These shift symmetries are always approximate 
and can be either saxionic, in the case of Kahler moduli [408] [409], or axionic, in the case of Co, C2, C4 and complex 
structure axions [410]. Denoting schematically the relevant complex modulus as T = Tt +10, saxionic shift symmetries 
look like: 

T-T'=T+a, a@eR > ToT =Tt+a, (145) 


while axionic shifts take the form: 
T-T’'=T+t+ia, aweR => 6-0 =O+a. (146) 


Depending on the effects which break these symmetries, the inflationary potential can take different forms. 

In the absence of a symmetry-based mechanism to solve the single-field ny-problem, accelerated expansion can 
still be achieved through an appropriate fine-tuning of the underlying parameters which allows for cancellations among 
higher dimensional operators that would otherwise ruin the solution. Let us now present a broad overview of different 
single-field models of string inflation classifying them in terms of the mechanism exploited to realise inflation: based 
on either saxionic/axionic shift symmetries or fine-tuning. 


4.2.1. Exponential Potentials from Saxionic Shift Symmetries 

Due to the typical no-scale structure of type IIB flux compactifications (a structure to the effective field theory 
which is special and absent in ‘generic’ theories) [114] [187], which holds at tree-level and even at 1-loop order in type 
IIB, the Kahler moduli different from the overall volume mode enjoy an effective non-compact shift symmetry of the 
type (145). In fact, all the Kahler moduli are flat at tree-level. Due to the extended no-scale structure which suppresses 
the contributions of string loops [173], the first effect which generates a potential is at O(a’) [64]. However, this higher 
derivative effect depends just on the overall volume ‘V, leaving all the other moduli flat at this order of approximation. 
Hence, all the Kahler moduli orthogonal to the volume mode are in principle promising inflaton candidates since they 
are leading order flat directions. 

Different effects can break their shift symmetry and generate the inflationary potential. These can be O(a”) correc- 
tions at (F-term)* level [175], O(a@’*g7) string loop effects [172] [119] [144] [141], or even non-perturbative corrections. 
In the end, their effect can be captured by exponential contributions of the form Vo e*®/f, where f is an effective 
decay constant whose value depends on the topology of the Kahler modulus and the nature of the symmetry break- 
ing effect. Generically, g, and a’ perturbative corrections are power-law in terms of the canonically unnormalised 
moduli t [184], and become exponential in terms of the canonically normalised field ¢ since t = e®//. On the other 
hand, non-perturbative corrections are exponential in terms of the original moduli r, and remain exponential after 
canonical normalisation since they are relevant just for blow-up and Wilson moduli whose canonical normalisation is 
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power-law. Therefore, the resulting inflationary potential for the canonically normalised field ¢ in the plateau region 
which sustains inflation takes the schematic form (we ignore additional contributions which guarantee the presence of 
a minimum after the end of inflation): 


V=V (1 =E gw), (147) 


where Co is a constant depending on the details of the model. Different Kahler moduli correspond to different values 
of the effective decay constant f. We list the main models proposed in the literature: 


Fibre Inflation 

In this case the inflaton is the volume of a K3 or T* divisor and the Calabi-Yau is a fibration over a P! base [411]. 
The potential can be generated by various perturbative corrections: O(g2a’*) and O(g*a”) string loops [412]; O(gta’*) 
string loops and O(a’) effects at (F-term)* level [413]; O(g2a*) string loops and O(a’) corrections at (F-term)* order 
[142]. 

In each case the effective decay constant is O(1) in Planck units. More precisely, the original model features a 
potential that in the inflationary region matches with f = Mpı/ V3, p = 1 and Co = 4. The total inflationary 
potential is of the form (setting Mp, = 1): 


V = Vo[3— 427%? +e? ofe- 1), (148) 


where ô œ g4 « 1. See Fig. [13}for a qualitative plot of this potential. This model is characterised by a trans-Planckian 
inflaton field range of order Ad =~ O(5) Mp; which corresponds to Hing = 5 x 10! GeV. Ref. performed 
a detailed analysis determining the values of the microscopic parameters which give the best fit to the most recent 
cosmological datasets, obtaining ns = 05006) and r = 0.0073 1+9-00026 at 68% CL (for Planck 2018 temperature 
and polarisation data only) at N, ~ 52 efoldings (see for an analysis making making use of cobaya and 
modechord [418]). 

This construction is among the best developed string inflationary models since it features: moduli stabilisation, 
globally consistent Calabi- Yau embeddings with chiral matter on D7-branes [152] [154], analysis of preheating effects 
[419] [420], study of perturbative reheating for Standard Model sectors on both D3-branes and D7-branes [422], 
analysis of the production of primordial black holes and the associated generation of secondary gravity waves 
[424], study of the behaviour of axionic isocurvature modes [425] [426] |427] [428], production of a CMB power loss at 
large angular scales [429] [430]. 


Blow-up Inflation 

In this model the inflaton is the volume of a diagonal del Pezzo divisor which resolves a point-like singularity. 
The potential is generated by either Euclidean D3-instantons or gaugino condensation on D7-branes, and the overall 
volume is kept stable during inflation via the presence of additional blow-up mode" [432], or logarithmic loop 
corrections at O(g2a’*) [208]. This is a small-field model characterised by a sub-Planckian inflaton excursion that 
results in a very low Hubble scale, of order Hing ~ 5X 108 GeV anda negligibly small tensor-to-scalar ratio, r ~ 107", 
The potential is again of the form with p = 4/3 and an effective decay constant which scales as f ~ M, ~ 
Mp/ VV. In fact, the potential for the canonically normalised inflaton reads (setting again Mp, = 1): 


V = Vo(1-ag*? ert), (149) 


where 2 ~ V5% and u ~ V7’, See Fig. [14] for a 2-dimensional plot of the trajectory of Blow-up Inflation in the 
(V mode, inflaton) plane. This potential can receive large loop or higher derivative corrections that might spoil its 


33 See also for a purely supersymmetric realisation of blow-up and fibre inflation in a set-up that does not need to include an uplifting term. 
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Figure 13: A typical scalar potential for a fibre modulus (with all other moduli stabilised), showing a relatively large plateau with field range of 
order Ag = O(5) Mp). 


flatness. Thus these effects need to be absent by construction or be suppressed by small coefficients. A detailed 
numerical analysis of inflationary solutions in the full multi-field potential was performed in [433], finding a robust 
prediction for n, ~ 0.96 for N, = 60. A generalisation of the model including also the axionic partner of the inflaton 
has been presented in [434]. Two-field generalisations where two of the Kahler moduli act as inflatons were presented 
in (435) [436] [437]. In particular, the model in turns out to be a double inflation model, producing a peak in the 
power spectrum at observationally interesting scales. 

The post-inflationary evolution of this model has been studied in detail and determines the number of efoldings of 
inflation which, in turn, gives the prediction for the scalar spectral index: ns ~ 1—2/N, [438]. After the end of inflation 
preheating effects cause a violent non-perturbative production of inflaton self-quanta whose perturbative decay 
leads to the formation of a thermal bath [442]. If the Standard Model lives on D7-branes wrapping the 
inflaton cycle, this leads to N, ~ 52 and ns ~ 0.961. Notice however that when the visible sector is sequestered from 
the sources of supersymmetry breaking, this initial epoch of radiation dominance can end rather quickly due to the 
emergence of an early matter dominated era due to the oscillations of the overall volume mode, reducing the number 
of efoldings to N, = 45 (443) |*] The corresponding prediction for the scalar spectral index would then be n, ~ 0.955 
which is in slight tension with CMB Planck datq>°|12] (13). Let us finally mention that an explicit embedding of this 
model in a globally consistent Calabi- Yau compactification with a chiral visible sector on D3-branes at singularities 
has been given in [153]. 


34A reduction of the number of efoldings can also be due to a very long reheating epoch from the inflaton decay when the Standard Model lives 
on D7-branes wrapped around a local 4-cycle which does not intersect with the inflaton blow-up mode [444]. 
35 Constraints on Kihler inflation models with WMAP7 where studied in [445]. 
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Figure 14: An example for the evolution trajectory of Blow-up Inflation in the (V mode, blow-up inflaton T2) plane. The diagram shows level lines 
and the location of the global minimum. The trajectory of the inflationary field is illustrated with the green dot representing horizon exit and the 
red dot the end of inflation determined by e€ = 1 (figure taken from [153]). The plot on the right hand side shows also the displacement of the V 
modulus during inflation. 


Poly-instanton Inflation 

In this model the inflaton is the volume of a so-called Wilson divisor, i.e. a rigid divisor with a Wilson line 
[447]. This topological property implies that this divisor appears in the superpotential only via highly suppressed 
poly-instanton contributions which make its potential naturally flat [449]. This potential is again of the form 
with p = 1 and an effective decay constant that scales as f ~ M,/InV. More precisely, the inflationary 
potential for this class of models reads: 


V=Vo(1-xde”), (150) 


with x = In Y. The predictions of this model lie between the ones of Fibre and Blow-up Inflation. In fact, the tensor- 
to-scalar ratio is of order r ~ 1075 together with n, ~ 0.958 at N, ~ 52. Note that explicit Calabi-Yau embeddings of 
this model with poly-instanton effects have been constructed in [450] i 


4.2.2. Trigonometric Potentials from Axionic Shift Symmetries 

Closed string axions enjoy continuous shift symmetries of the type which are perturbatively exact. Non- 
perturbative effects break them down to discrete shift symmetries. These symmetry breaking effects scale as Vo e~”, 
and the resulting scalar potential for the canonically normalised field ¢ = f6 looks like: 


V= Vo |: -cos($}]. (151) 


This potential is known to give rise to accelerated expansion only for f > Mp, (see section [2.3.6}. However, this result 
can never be achieved with control over the effective field theory since the axion decay constant scales as f ~ Mp/7T, 
where t denotes the volume of a divisor in string units, or more in general a combination of divisors [453,454]. Given 
that a fundamental requirement to trust the low-energy action is T > 1, f needs to be sub-Planckian. 
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A similar line of reasoning arises from the weak gravity conjecture applied to axions which results in 
fS {X Mp where S is the instanton action. Demanding S > 1 to keep control over the instanton expansion, implies 
f < Mm, and so no inflation driven from the potential (151). 

Let us now briefly describe the two most promising and studied way-outs to this problem. 


Natural Inflation from Alignment 

This model requires at least two axions whose decay constants, even if sub-Planckian, are aligned by fine-tuning. 
This generates an effective trans-Planckian decay constant for the lightest eigenmode [458]. The scalar 
potential of this model looks like: 


Qı | ‘bi 


V = A4 |1 — cos|a; — +a@— 
| ls h 


1 — cos [$ r2) (152) 


In the limit where a; /a2 > b,/b2, a linear combination of the two original axions (say @) is flat and its decay constant 


f becomes infinite. For example, for a; = bı = 1 one has: 
or + f 
2 5 2J1 2 
hr- afihı aad Je y 


T aE (153) 
af? + F la2 — bal ax >b 


d= 
The predictions for the main cosmological observables depend crucially on the value of f. Taking again N, =~ 52 
as benchmark point, r < 0.1 requires f < 8. For f = 8 we obtain n, =~ 0.960 and r ~ 0.098. Larger values of 
f are in tension with present bounds on r, while smaller values of f yield a scalar spectral index which tends to be 
too low. The effective field theory is also marginally under control and it is rather hard to build explicit Calabi- Yau 
orientifold models which are globally consistent due to the need to rely on large ranks for the condensing gauge 
groups. Interesting models have however been proposed using combinations of Co, C2 and C4 axions 
[465]. A survey on axion inflation in type IIB string theory compactifications and the possibility of 
enlarging the field range via alignment was performed in [466]. They determined an upper bound on the inflationary 
field range of A¢ < 0.3Mp,. 


N-flation 

This scenario involves several axions, each of them with a sub-Planckian decay constant, whose collective motion 
however results in an effective trans-Planckian decay constant [467]. The simplest version of this model features a 
scalar potential of the form: 


v= X ncos($) = H(A) Sat, (154) 
i=l f 2 f i=1 


where we have approximated the potential around the minimum. An initial displacement of each axion of order f 


generates an overall displacement of the radial field p = 4 bye 1 A of order fe = VN f. Slow-roll inflation can then 
be easily achieved for N > 1. The predictions for the main cosmological observable are very similar to the ones of 
Natural Inflation: n, ~ 0.96 and r ~ 0.1, with r in tension with data [468]. Moreover, obtaining O(50) efoldings of 
inflation and matching the observed amplitude of scalar fluctuations requires a very large number of axions, N > 10°, 
and a relatively small Calabi-Yau volume V = 10°. This implies that the stabilisation of the corresponding saxions at 
perturbative level is hardly under control [266]. In addition, all these light species can contribute to the renormalisation 
of the Planck mass. Attempts to embed N-flation in string theory have been proposed in 


4.2.3. Power-law Potentials from Axionic Shift Symmetries 

Several scenarios corresponding to large field inflation have been proposed using string theoretical axions (histor- 
ically, several of these were motivated by the claimed observation of primordial tensor modes by the BICEP collabo- 
ration [472]). In principle, these offer the attractive possibility of both minimising fine tuning through an underlying 
shift symmetry while also offering the chance to compare with observations on relatively short time-scales. 
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Axion Monodromy 
Another scenario of large field inflation driven by closed string axions is Axion Monodromy (AM) where the 
axionic shift symmetry is broken at tree-level. In this case the resulting inflationary potential is power-law [473] [474]. 
The original model is characterised by a linear potential, with two main scenarios depending on the nature of the 
axion: 


e B,-axion monodromy: Inflation is driven by the B2-axion b whose potential originates from the reduction of the 
DBI action of a D5-brane wrapped around a 2-cycle Xp: 


$ 


V(b) = Vo VVol(X2) + b? = we : (155) 


where we have expanded for large values of b and we have canonically normalised. 


e C,-axion monodromy: Inflation is driven by the C2-axion c whose potential originates from the reduction of the 
DBI action of an NS5-brane wrapped around a 2-cycles X29: 


V(c) = Vo yf Vol(2) + g2c? ~ ee (156) 


where we have expanded for large values of b and we have canonically normalised. 


Note that, given that the B-axion appears in the Kahler potential K = —3 In (T +T + yb’), axion monodromy models 
where the inflaton is b are affected by the ny-problem. This is not true for the case of the Cj-axion c, which is 
therefore the most promising candidate to drive axion monodromy. Note that this model is affected by backreaction 
effects [475] [476], which may be addressed by using bifurcated throats [477]. See also for a no-go theorem on 
embedding the original axion monodromy inflation mechanism of in a concrete compactification. 

In terms of observational consequences, this model yields n, ~ 0.971 and r = 0.083 at N, = 52, with large tensor 
modes in tension with data. A potential way-out to reduce the tensor-to-scalar ratio relies on flattening effects which 
could make the inflationary potential shallower due to an appropriate interaction of the inflaton with heavy field which 
have been integrated out [479]. A qualitative picture of this mechanism is shown in Fig. A further source of 
flattening, arising from fluxes, was analysed in in the context of type IIB/F-theory flux compactifications with 
mobile 7-branes, which allowed for 0.14 = r = 0.04. 

Moreover, a cosine modulation of the scalar potential generated by non-perturbative effects, can yield oscil- 
lations in the scalar power-spectrum and resonant non-Gaussianities [483]. Depending on the size of the 
modulations, these can change the background evolution allowing successful inflation for smaller field ranges in axion 
monodromy and sub-Planckian decay constants in a modulated axion inflation [484]. Modulated potentials also have 
interesting phenomenology such as the production of abundant primordial black holes, which can form all or part of 
the dark matter [18]. More general expressions for the potential of axion monodromy are: 


P 
V=,)'? ($) , (157) 


where p can be either p = 2/3 [473] of p = 2 [485 487]. 


F-term Axion Monodromy 

An alternative axion monodromy mechanism was introduced in [488] |489] [490]. In this proposal, the idea is that 
the same background fluxes used for moduli stabilisation already generate a tree-level F-term scalar potential for the 
axion. The shift symmetry of the axion is broken by the background fluxes to generate a non-oscillatory term in the 


66 


V(¢) 


Figure 15: An example for a power law potential as appearing in Axion Monodromy or Alignment proposals. Here the simplest case of a quadratic 
potential is shown together with a flattening mechanism that modifies the corresponding potential after introducing couplings with heavy moduli 
fields. 


potential, leading to diverse inflaton potentials, including linear large field behaviour, chaotic inflation, as well as 
potentials with even higher powers. Therefore, the potentials take the form 


V~A+BOQ>+Cé@cos(@)+..., (158) 


where @ is the axion and A, B depend on other moduli and the fluxes, and the dots include further mixed terms, includ- 
ing sines and cosines multiplied by powers of 6 [493]. As mentioned before, subleading (but sufficiently 
large) modulations can superimpose periodically steep cliffs and gentle plateaus onto the underlying potential. This 
can allow sufficient efolds of inflation with smaller field ranges lowering the tensor-to-scalar ratio, even achieving nat- 
ural inflation with sub-Planckian axion decay constants [484][18]. Realisations of this mechanism using different open 
and closed string axions can be found in [494] [495] [496] [497] [498] [499] [500] [501] [493] [502]. The consistency of this 
new scheme with moduli stabilisation was analysed in and in the context of non-geometric 
flux compactifications|>*| Further constraints have been analysed in [480] {509}. 


D7-Brane Inflation 

D7-deformation moduli enjoy an approximate shift symmetry at large complex structure which can be used to 
protect the inflaton potential. This can allow for stringy realisations of both large and small field models of inflation. 
In the large field case, the symmetry is broken by three-form fluxes which can develop a tunable scalar potential of 
the typical chaotic inflation form [490]: 


= He a 
Va>e. (159) 


Such a model however predicts an amplitude of tensor modes above present observational bounds. 
On the other hand, small field models of inflation can be developed by focusing on systems of D7-branes wrapped 
around two different representative of the same family of 4-cycles which intersect over a 2-cycle with non-zero gauge 


36See [508] for a two field analysis of the models in [505]. 
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flux. This gauge flux generates a force between the D7-branes that attracts them. This scenario is called Fluxbrane 
Inflation and gives rise to the following D-term inflationary potential for the relative position of the two D7-branes 


[510/511512]: 


0 


V= vol +omn($)}, (160) 


with a ~ Sy / (1627) <« 1. For our benchmark point N, ~ 52, this potential yields ns ~ 1 — 1/N. ~ 0.981 which is in 
slight tension with CMB data. Moreover the tensor-to-scalar ratio is r ~ 4a/N. = 5 Xx 1076 for gym = 0.1. 


Wilson Line Inflation 

The T-dual picture of inflation models based on branes at angles is Wilson Line Inflation, as branes 
intersecting at angles are dual to magnetised branes and brane deformation moduli are dual to Wilson line moduli. Ref 
presented a model of inflation driven by Wilson line moduli including moduli stabilisation. The scalar potential 
in the small field regime takes the form: 


VeA-S, (161) 


leading to the following predictions for the two main cosmological observables at N, ~ 52: n, =~ 0.971 and r = 107°. 
Note that larger values of the tensor-to-scalar ratio can be obtained in models of warped Wilson Line DBI Inflation 


[517}[518]. 


4.2.4. Potentials in the Absence of Explicit Symmetries 

Several string inflationary models do not enjoy an underlying UV symmetry which protects the inflationary poten- 
tial against large quantum correction. However, one can still build a working inflationary model if the system allows 
for enough tuning freedom to suppress all dangerous corrections to the inflationary potential. We shall now briefly 
discuss the main classes of string models of inflation which are not based on any symmetry. 


D3-D3 Inflation 

One of first attempts to realise inflation in string theory has used the separation between branes as the field which 
drives inflation [519]. Since D-branes are BPS states their separation is a modulus with no potential. However if 
instead of two D-branes there are D-branes and anti D-branes there is a Coulomb attraction that gives rise to a scalar 
potential for the brane separation [520] 521]. More precisely, the model is based on a D3-D3 brane system where the 
inflaton is the open string modulus controlling the distance between the D3 and the D3 brane which move towards 
each other [521]. For general studies of the dynamics of D-brane systems see e.g. [525]. In 
these configurations were considered including warped compactifications in which warping can be used to get 
slow-roll. The Coulomb potential for systems of D3-D3 branes in warped compactifications reads [354]: 


v=v(1-42), (162) 


where the overall scale of the potential is set by the warped D3-brane tension: Vo = T3 e*4®), Contrary to the original 
proposal in which the parameters of the potential do not give naturally small slow-roll parameters, the advantage of 
warping is that Vo œ e^ can be as small as we want and both ny and e can be as small as we want with € œ 1 < Ny. 
The predictions for the main cosmological observables evaluated at N, ~ 52 are n, ~ 0.968 and r ~ 7 x 107° [526]. 
This indicates that this is a small-field model, in agreement with the microscopic bound on the field range for D3-brane 
inflation discussed in [527]. The field range can be slightly increased if inflation is driven by the motion of a D5-brane 
wrapping an 2-cycle [528]. In this model though, backreaction of the D5-brane needs to be checked. Furthermore, 
a D5-brane natural inflation model, was proposed in [529], where the D5-brane moved along an angular direction 
in a warped resolved conifold [531]. The challenge in this model is to ensure that it is consistent with moduli 
stabilisation. 
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Figure 16: Warped brane-antibrane inflation. The set-up of KKLT is simply complemented with a moving D3 brane that is attracted to the anti- 
brane at the tip of a warped throat. In principle the warping allows for naturally small €, 7 parameters. However, if, as in KKLT and LVS, moduli 
are fixed non-perturbatively then there are extra contributions to ny of order O(1) illustrating the single-field ny problem. 


In the original formulation of a crucial assumption of this model was that the dynamics which stabilises 
the Kahler moduli in the bulk does not alter the flatness of the potential since at the time of the proposal there 
was no explicit scenario of moduli stabilisation. This is generically not the case since inflaton-dependent higher 
dimensional operators arise from both the tree-level Kahler potential and the prefactors of non-perturbative effects 
354]. A detailed study of how moduli stabilisation can be incorporated in this set-up has been reviewed in 
(crucial as including moduli stabilisation substantially changes the dynamics of the original proposal). See however 
a recent potential way-out exploiting perturbative stabilisation mechanism via RG effects for which the warped 
inflation potential is at work even after moduli stabilisation. 

One of the attractive points of D3-D3 inflation is the fact that the dimensionality of spacetime may play a role. In 
fact ref. proposed that in a gas of branes, D3-branes (for the type IIB case) are such that they can meet in 10 
dimensions. This idea was further explored in [532] [533]. Furthermore, the ending of brane inflation via the string 
tachyon is a stringy way to end inflation in a string theory realisation of hybrid inflation. The idea is that, while the 
branes approach each other, there is an open string state stretching between the two branes that gets lighter and lighter, 
at a critical distance becomes massless and, after that, becomes tachyonic. The end of inflation is the point where the 
tachyon reaches a minimum of its potential, which is essentially of the Mexican hat shape. This leads, in turn, to the 
prediction after inflation of cosmic strings (D1-branes) that may be one of the very few observable implications of 
string cosmology which is directly stringy in nature [534] [535]. 

D3-D3 inflation also offers the cleanest illustration of one of the more distinctive possibilities within string in- 
flation: the disappearance of the inflaton field at the end of inflation. The inflaton is the position modulus of the 
D3-brane, but after brane-antibrane annihilation this field is entirely removed from the effective field theory. This is in 
contrast to most field theory scenarios where, although the inflaton may decay, the field remains present in the theory. 


Inflection Point Inflation 

Ref. have shown that the single-field ny-problem of D3-D3 Inflation can be avoided since this 
system features enough tuning freedom to suppress dangerous Planck-suppressed higher dimensional operators that 
would generate corrections to the inflaton mass of order the Hubble constant during inflation. 

In the Kuperstein embedding, one has two contributions to the slow-roll ny-parameter with opposite signs which 
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can ensure ny < 1, inducing inflation near an inflection point where the potential can be rewritten as an expansion as: 


vaviri ead a), (163) 
Mp M3, 


This model is in slight tension with CMB observations since the prediction of the scalar spectral index depends on 
the total number of efoldings N'*'. If NI < 120,n, Z 1, while n, ~ 1 — 4/N, only if Ni" >> 2N,. In this regime, 
ns = 0.923 for Ne ~ 52 [539], requiring a very large total number of efoldings which is however disfavoured by 
statistical considerations [541]. Moreover, being a small-field model, the tensor-to-scalar ratio is negligible: 
r < 10. For realisations of inflection points in other settings see e.g [542] [543} [544]. 


D3-D7 Inflation 

In cases without warping, inflation can occur in D3-D7 systems where the inflaton is a D3-brane position modulus 
whose D-term potential is generated by non-zero gauge fluxes on D7-branes which break supersymmetry. In order 
to stabilise the compact extra dimensions, the Kahler moduli can be frozen by gaugino condensation on D7-branes 
leading to extra contributions to the inflationary potential due to the mixing between Kahler and D3-position moduli 
in the Kahler potential. The final expression for the inflationary potential looks like [545] [546] [547]: 


2 
a 
V=Vo+A Ind-— 9+ 29%. (164) 


Defining œ = 2m*/Vo the prediction for the scalar spectral index is: 


1 1 
m)l- for @—>0. (165) 
For Ne ~ 52 and a — O, this gives ns ~ 0.981 which is too blue. A value for ns compatible with Planck data 
(ns = 0.966) can be obtained for a ~ O(0.01), leading however to a tension with current bounds on cosmic strings 
[548]. The tensor-to-scalar ratio turns out to be rather small once perturbativity and consistency with cosmic string 
bounds is required: r < 10°. 


m=1-efi+ 


M5-brane inflation 

In the context of M-theory compactifications [551], an inflationary scenario was proposed, where the 
inflaton corresponds to the position of one or more M5-branes, moving along the interval. Inflation then comes to an 
end as the M5-branes collide with and dissolve through small instanton transitions [552] [553] (554). The challenge in 
this scenario is to achieve a suitable inflationary potential, while simultaneously stabilising the geometric moduli. 


Racetrack Inflation 
Saddle point inflation can also be realised by an appropriate choice of the underlying parameters for a C4-axion in 
the so-called Racetrack Inflation scenario which is characterised by a superpotential of the form [555] : 


W =W +A +Be™ . (166) 


Inflation takes place mainly along the axionic direction given by Im(T), however the saxion Re(T) also evolves. This 
model requires a contrived choice of underlying parameters with an inflationary trajectory which might be spoiled by 
quantum corrections (such as, for example, œ’ effects) that can either destabilise Re(T) or make the potential steeper 
along the Im(T)-direction [557]. This is a small-field model which, in the original formulation of [555], predicts 
ns = 0.942 and r < 10-8 for our benchmark point N, = 52. 
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Volume Modulus Inflation 

As we have already pointed out, the overall volume modulus of type IIB string compactifications V does not 
enjoy an approximate rescaling symmetry since the leading order a’? effect that breaks the no-scale structure depends 
explicitly on V. However, if enough tuning freedom is present, also the volume mode can also be used to drive 
inflation near an inflection point induced by at least 5 different contributions to its scalar potential. These can arise 
from a’ effects, g, loops, higher F-terms, D3-brane contribution and D-terms. The resulting scalar potential for the 
canonically normalised inflaton looks like (see also [559]): 


27 = 10, iL By 
V = Vo (Kore V7’ - xe e We? kre EI + kpe Y? + kpe wt), (167) 


where all the x’s are flux-dependent O(1) coefficients. An example showing an inflection point around ¢ ~ O(7) and 
a late time minimum at ¢ ~ O(24) is shown in Fig. Due to the large tuning freedom, this model can reproduce 
the observed value of the scalar spectral index but tensor modes are unobservable, as in any inflection point inflation 
model. 

These models are particularly interesting to reconcile high scale inflation with low energy supersymmetry [560], 
as a potential solution to the tension pointed out in [561]. In fact, in any viable model the inflationary energy density 
should not exceed the height of the barrier towards decompactification, otherwise the volume mode would run-away 
to infinity: 

He My 5S Vbarrier . (168) 


inf 


In KKLT and LVS models, this sets therefore the following bounds: 


KKLT 2 472 

Kar i m3; Mp > Hr > 3/2 5 (169) 
LVS ™3/2 

eat ~ m3) Mp1 = Aint S m3 Ms ` (170) 
Pl 


Given that in a supergravity framework the mass of the supersymmetric partners is generically of order m3/2, a high 
value of Hing necessarily implies high scale supersymmetry. Two solutions rely on decoupling the height of the 
barrier from the soft terms Mso: (i) by tuning the scalar potential so that Vparrier becomes independent of 3/2 as 
in racetrack models [561], or (ii) by sequestering the sources of supersymmetry breaking from the visible sector so 
that Meo < m3/2 [563]. Another possibility would instead be to exploit the fact that the gravitino mass is V- 
dependent since m n= eX|WP with K = -21n V. Hence, if inflation is driven by a rolling V mode with a potential 
similar to (167), the gravitino mass during inflation could be much higher than today. Being necessarily a small field 
model with a sub-Planckian field range, the tensor-to-scalar ratio is however very small, r < 107°, and so TeV-scale 
supersymmetry can be made compatible at most with Hing < 10!° GeV, but not higher. 


DBI Inflation 

Accelerated expansion can also be achieved beyond the slow-roll approximation by exploiting the relativistic 
dynamics of spacetime-filling D-branes moving in a warped throat [564] [565]. This is the so-called DBI inflation 
scenario characterised by non-canonical kinetic terms arising from the DBI action and a Lagrangian density of the 
form: 


2 
£= -rof L ] -= V(¢), (171) 


where ¢ is the D-brane position modulus and T(¢) is the warped tension of the D-brane. The functional form of T(@) 
and the potential depends on the dimensionality of the brane and determines the phenomenology of the scenario (see 
e.g. [566) [567] [526)). 

In the original set-up, a D3-brane moves relativistically in a warped throat. In this case, two scenarios can arise: 
the so-called UV-model where the brane moves from the UV end of the throat towards its tip [565], and the 
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Figure 17: An example for the volume modulus inflation which is an example of inflection point inflation (figure taken from j: 


IR-model where the brane moves from the tip of the throat to its UV end [568] . The scalar potentials for each 
case read: 
£ 


V=Vuv~@ or  V=Vr=V- zE o, (172) 


where 8 is an O(1) positive constant. Accelerated expansion is obtained since the non-canonical form of the kinetic 
terms forces a speed limit on the motion of the D3-brane, under the assumption that quantum and backreaction effects 
do not modify the form of the Lagrangian {171}. Besides D3-branes, DBI inflation driven by the relativistic motion of 
D5- and D7-branes in a warped throat has been studied in [570]. Furthermore, just as in the non-relativistic case, also 
in this case, DBI inflation can be driven by warped Wilson lines, as studied in [517] {518}. 

As discussed in 4], realising DBI inflation in a consistent string compactification is challenging. However, 
this scenario represents a key example of an inflationary mechanism that relies on the symmetries of an ultraviolet the- 
ory. For this reason, it is interesting to defer the question of an explicit ultraviolet completion, and investigate its rich 
phenomenology. It is worth noting that this scenario has motivated the observational search of specific cosmological 
signatures. Let us briefly summarise this. 

The DBI Lagrangian is a particular case of the more general Lagrangian corresponding to the so called 
P(X, $) theories [572] (573) [574], given by 

L=P(X,¢), (173) 


where X = —5(0¢)" and P(X, ¢) is an arbitrary function of X and ¢. Thus for DBI inflation we have 


| 2X 
P(X, $) = -T 1- —— -1]-V@). 174 
(X, 9) | TØ | (9) (174) 


The equation of motion for the Fourier modes of R is modified in DBI inflation to 


Ri +2 R+ ERR =0, (175) 
g 
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where 
Px 


2 
= —_____ 176 
Cs Py% + 2X Pxx ( ) 
is the sound speed, which is related to the “Lorentz factor” as 
42 \-1/2 
V ) -1 
y=|l- =—— SE s (177) 
| T(@) 
and thus differs from unity. The pump field is now given by 
_ 4% 
= He,’ 
which satisfies 
Z zaH(l+e-ô-s), (178) 
z 
where the new slow-roll parameter s is associated to the change in the sound speed: 
Cs 
=—. 179 
s He, (179) 
The scalar power spectrum is modified by c,: 
H? 
PR (180) 


= PETT SFN 7 P 
8r M5, €Cs |keaH 


where all quantities are evaluated at horizon crossing, k = aH. On the other hand, the amplitude of the tensor power 
spectrum is not modified with respect to the non-relativistic case (63), since the speed of sound does not enter into the 
equation of motion for the tensor modes (60). The spectral tilt and tensor-to-scalar ratio are thus modified as 


ns =1-2e€-n-s, r= 16€c,. (181) 


Let us note that the Lyth bound is modified by a factor of c,P y in P(X, ¢) theories [527], which however is equal to 
one in the special case of DBI inflation, and therefore the correspondence between A¢ and r is the same as in slow-roll 
inflation. Consequently, also in DBI inflation large tensors are not possible [527] (575). 

The new slow-roll parameter s in the curvature perturbation equation offers an interesting new possibility to 
enhance the curvature perturbation via the violation of its slow-roll condition [8]. Indeed, during slow-roll, €, ô, s « 
1, and we have the usual constant and decaying mode solutions to (see section |2.3.2). However, now slow-roll 
can be violated via large changes in cs, that is s > 1 in (178), and the decaying mode then becomes a growing mode, 
enhancing the scalar perturbations, potentially to sufficiently large values to produce abundant primordial black holes 
[18]. A possible way to induce such a slow-roll violation is with features in the warp factor that is experienced by the 
moving D-brane, e.g. due to duality cascades or annihilation of branes [576 [577], or if the inflation-driving D-brane 
travels down a deformed double throat, caused by two separate stacks of D-branes or localised fluxes [578]|579], such 
that the warp factor experiences a strong decrease, inducing a large s. 

One of the most interesting signatures of the DBI mechanism, is the generation of equilateral non-Gaussianities 
[564], whose amplitude is given by 

eqil 35 [1 35 9 

NE --a(s-!)<-am? ; (182) 
The latest Planck constraints —73 < i < 21 (68%C.L.) implies that y < 15, which represents a strong 
constraint on the model. 
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4.2.5. Single-field String Inflation and Cosmological Observables 

After presenting a brief description of several examples of single-field models of string inflation, let us now 
summarise and compare their predictions for two main cosmological observables, the scalar spectral index n, and the 
tensor-to-scalar ratio r, evaluated at the benchmark point N, ~ 52. These predictions are listed in Tab. 


String model Ng r 
Fibre Inflation 0.967 0.007 
Blow-up Inflation 0.961 | 107? 


Poly-instanton Inflation | 0.958 1075 

Aligned Natural Inflation | 0.960 0.098 

N-Flation 0.960 0.13 

Axion Monodromy 0.971 0.083 
D7 Fluxbrane Inflation | 0.981 | 5x10% 

Wilson line Inflation 0.971 1078 


D3-D3 Inflation 0.968 107 
Inflection Point Inflation | 0.923 10 
D3-D7 Inflation 0.981 1076 
Racetrack Inflation 0.942 105 
Volume Inflation 0.965 107 
DBI Inflation 0.923 107 


Table 4: Comparison among the predictions for the scalar spectral index and the tensor-to-scalar ratio of the main models of string inflation, 
evaluated as a benchmark point at Ne ~ 52. 


Note that there is a relatively small number of inflaton candidates among all open and closed string moduli and 
most have been used in concrete proposals of string inflation. Note also that as per the scientific tradition, more than 
half of them are already in tension with the latest experimental bounds on n, and r. Models such as axion monodromy 
and fibre inflation will be further tested in the planned experiments for the next 5-10 years. 

Let us stress that we focused just on a restricted list of single-field models which represent the most developed 
classes of string inflationary scenarios. A broader ensemble of different models is present in the literature, even 
if most of them are just string-inspired, or supergravity-inspired, since they are based on ideas coming from string 
theory but are still lacking a solid stringy embedding or a detailed mechanism for moduli stabilisation. Just to name 
some of these examples, let us mention M-flation [580] (581) [582] 583], a-attractor models [5846851686687588], 
sequestered inflation [590], axion inflation on a steep potential due to dissipation from gauge field production 
(591) [592], and chromonatural inflation [593]. 


4.3. Multi-Field Inflation 


So far our discussion has been restricted to the case where the inflation proceeds along either a single direction 
— such as a closed string modulus, the radial direction of a D-brane moving in the 6-dimensional compact space, a 
single Wilson line, or a single combination of axions — or with predictions that are effectively single-field, such as 
racetrack inflation. Indeed models are usually designed this way, with all the non-inflaton fields sitting in their local 
minima as the inflaton rolls. This has the obvious advantage of simplicity, besides being effective in describing the 
primordial fluctuations, which are approximately scale invariant, statistically Gaussian, isotropic and homogeneous to 
high degree. 

Going beyond this simple picture, however, is not only well motivated from an observational point of view, as 
future experiments may reveal interesting or unexpected physics (such as non-gaussianities, anisotropies, inhomo- 
geneities), but also from a theoretical perspective. In particular, in string compactifications, moduli (spin-O) fields are 
ubiquitous, while spin-1 fields also enter in the process of moduli stabilisation (see Sec. 3.3). 

Thus a generic feature of string inflation models is that a significant number of moduli and/or spin-1 fields, with 
a range of masses, may be dynamically active during inflation. Their dynamics can thus contribute to the inflationary 
mechanism at the level of background or fluctuation evolution, and can leave imprints on the properties of scalar as 
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well as tensor modes, for example by amplifying their spectra. The resulting inflationary models can thus in general be 
quite complex, and they have slowly started to be explored in detail. We now summarise recent results on multi-field 
dynamics and possible signatures in string theory (inspired) models of inflation. 


4.3.1. Multi-field D-brane inflation 

Our discussion above on D-brane inflation was restricted to purely radial evolution of the D-brane. In general, 
a Dp-brane can move in (9 — p) of the 6 compact dimensions. Indeed, the potential for the D-brane will in general 
depend on the angular directions as well as the radial one. Including these effects leads to multi-field models of 
D-brane inflation. 


Multi-field DBI inflation 

The phenomenology of DBI multi-field inflation has been comprehensively studied in 
(for earlier work on multi-field inflationary perturbations see (603) [604] (605})/7|In the multi-field 
case, the Hubble friction can be assisted by a retarding force, e.g. a centrifugal force in the two field case. This is the 
idea of spinflation [594]. Here, rather than rolling straight down the throat, the inflatons orbit towards the tip. Inflation 
then ends once the inflatons lose their angular momentum. As shown in [594], this prolongs inflation, although the 
number of e-foldings gained is very small, as angular momentum is redshifted away after only a few e-foldings. This 
result is a consequence of the flat field space metric in this model and the dynamics changes if the field space has a 
non-trivial curvature, in which case angular motion can remain relevant throughout inflation [607]. 


Cosmological perturbations for multi-field DBI inflation 
The cosmological perturbations in the two field DBI case are given by [596] 598]: 


- ; sk? 4 s 
Or +3H (1 — s) Òr + (5 +m} Qr = (Qn) - (ros -€6)- Fee 


BY, (183b) 


a-c- vr|)E0v. (183a) 
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He 
where Qr = T;Q! and Qy = N;Q' are, respectively, the adiabatic (tangent) and entropy (normal) field fluctuations in 
spatially flat gauge; ¥ is the Bardeen potential; f(#*) is the warped tension (equivalent to 1/T(¢) in the single-field 
case (171)) and fr and fy are, respectively, the tangent and normal projections of the derivative of the warped tension; 
and the coupling, 2, is given by 

cs(l = cs)? fv 
of? 


with Q the turning rate defined in (88). The adiabatic and entropic masses, mr and my, are given by 


= 
= 
rm 
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Here, R is the field space curvature and w is the dimensionless turning rate defined in Eq. (93). 

DBI inflation is characterised by cs + 1. For cs + 1, when one or more (angular) fields are dynamical during 
inflation, their quantum fluctuations lead to entropy perturbations, which propagate with the same speed of sound cs 
as the adiabatic mode. Moreover, assuming that the coupling, =, between the adiabatic and entropy perturbations 
is very small, in the limit cs « 1 the amplitude of the entropy perturbations is boosted relative to the adiabatic 
fluctuations, Qy ~ Q7/c;. In addition, the amplitude of the bispectrum acquires a factor of ae: 


ee s gs? O, (186) 


37DBI inflation with N D3-branes was studied in [606]. 
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where © parameterises the transfer of entropy to adiabatic perturbations with © = 0 for no transfer and Oz/2 for 
maximal. Thus © can in principle allow for larger values of y = 1/cs (see (182}). 

For more general situations, the dynamics (and phenomenology) of the perturbations will depend on the size of 
the coupling, =, and the masses of the adiabatic and entropy perturbations. These in turn depend on the bending of 
the inflationary trajectory, w, the curvature of the field space, R, the warp factor, f, and its derivatives. 


Multi-field D3-brane inflation 

As we have mentioned above, a Dp-brane can move in (9 — p) directions inside the internal 6-dimensional space. 
Therefore, for D3-brane inflation, besides the radial motion, there are 5 angular directions along which the brane can 
move. The two field phenomenology of warped D3-brane inflation has been investigated in e.g. [608] [609] [610]. On 
the other hand, the full 6-dimensional dynamics of warped D3-brane inflation has to be computed numerically and 
this has been done in (613). 

From these analyses it was found that in trajectories of prolonged inflation, angular motion is relevant during the 
first few e-foldings of inflation, becoming exponentially suppressed afterward. For models consistent with observable 
values of the spectral tilt, ns fell within the range 0.94 < ns < 1.10, while the tensor-to-scalar ratio was in general 
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very small r < 107!?. Finally, cases with large non-Gaussianities were rare. 


Multi-field D5-brane inflation 

A two field model of D5-brane inflation has recently been considered in [T0]. This is a two field analysis of the 
model proposed in [529], where a D5-brane moves along a single angular direction of a warped resolved conifold, in 
a realisation of natural inflation. Interestingly, the two field dynamics of this model allow for two types of inflationary 
trajectories: an almost geodesic one, where the masses of the two fields are lighter than H realising the standard 
hierarchy (143), and a strongly non-geodesic one, where both fields are heavier than H, realising the ‘fat’ hierarchy 
{10}. The potential takes the schematic form V(r, #) = V(r) + W(r) cos 0, while the field space metric depends 
non-trivially on the radial direction giving rise to a negatively curved space. An instantaneous axion decay constant 
can be defined as 4Zgø(r). The cosmological predictions of these two types of trajectories are very different and, in 
particular, a possible way to distinguish between them is via their predictions for non-Gaussianities. In the almost 
geodesic case, the cosmological predictions for the spectral tilt and tensor-to-scalar ratio are indistinguishable from 
the single-field natural inflation, but the non-Gaussianity parameter, fyi, is too large at O(10) and indeed in tension 
with the latest Planck constraints on the local non-Gaussianity parameter fy, = —0.9 + 5.1 (68%C.L.) [35]. In the 
strongly non-geodesic case, the predictions for ns and r are modified as shown in figure[18| while fN is much smaller 
at O(few), and can be consistent with the Planck data. These models suffer from the same theoretical challenges as 
the single-field case of [529], which we discussed above. 
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Figure 18: The (ns, r) plane for the strongly non-geodesic D5-brane multi-field inflation model discussed in the text. f is an instantaneous axion 


decay constant, which depends on the parameters of the model. The single-field natural inflation predictions are indicated by the cyan dashed curve, 
while the fat D5-brane predictions follow the continuous curve. This figure is taken from , which should be consulted for more details. 
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4.3.2. Closed string multi-field inflation and spectator fields 

Thus far, we considered D-brane multi-field inflation models, focusing on the (9 — p) (open string) moduli asso- 
ciated to the positions of the brane as it moves in the internal space. In these models, the (reasonable) assumption is 
that all other (closed string) moduli have been stabilised via some of the mechanisms discussed in Sec. Fields 
with other spins are also usually taken to be unimportant during the inflationary evolution. We now review multi-field 
models of inflation in the closed string sector, as well as models with spectator fields of spin 0 and/or 1. 


Alternative sources for curvature fluctuations 

One of the characteristics of inflationary scenarios involving more than one fluctuating scalar degree of freedom 
is the presence of entropy perturbations besides the adiabatic one. 

Multi-field models then offer alternative mechanisms to generate the density perturbations after the end of inflation. 
Two generic mechanisms for achieving such post-inflationary isocurvature-to-adiabatic conversion are the curvaton 
and the modulated reheating scenarios. In the former case, the adiabatic curvature 
perturbation is generated from the decay of a spectator field, the curvaton, after the end of inflation and significant 
non-Gaussianity may be generated. In the modulated reheating scenario on the other hand, perturbations in one or 
more spectator fields modulate the decay rate of the inflation field which gives rise to reheating. This then converts 
fluctuations of the spectator fields to density fluctuations in the post-inflationary universe. The observed curvature 
perturbations can again be non-Gaussian. 

In a string theory realisation of the curvaton scenario was proposed where the inflaton is a blow-up modulus 
(see blow-up inflation above) and a fiber modulus plays the role of curvaton field. This scenario allows for large local 
non-Gaussianity at a level O(10), which is in tension with the latest Planck constraints, fy, = —0.9 + 5.1 (68%C.L.) 
[35]. 

Similarly, in a string theory realisation of the modulated reheating scenario was presented, where inflation is 
driven by a fibre modulus (see fibre inflation above), while a blow-up mode acts as a modulating field. Interestingly, 
in this scenario, local non-Gaussianity at a level O(few) can be produced generically, which is in agreement with the 
latest Planck constraints on fxr. 

Finally, it was argued in that a vector field could play the role of the curvaton field. Moreover, the 
contribution of a vector field to the curvature perturbation will in general be statistically anisotropic, as shown in 
1624|. 

The possibility of realising the vector curvaton scenario in D3-brane models of inflation was investigated in [625]. 
The vector curvaton was identified with the U(1) gauge field that lives on the world volume of a D3-brane, while the 
inflaton sector could arise from the same brane or some other sector. The dilaton was considered as a spectator field 
that modulates the evolution of the vector field. Given the current hints towards statistical anisotropies in the power 
spectrum and bispectrum [626], the vector curvaton represents an interesting possibility. 


Spectator Chromonatural Inflation (SCNI) 

We have discussed how string theory compactifications involve several spin-O closed and open string moduli, 
which can have interesting implications for inflation. Spin-1 fields are also present and may generate interesting 
phenomenology. Above, we discussed a spin-1 vector field as a candidate to generate the adiabatic perturbations, 
potentially leading to detectable statistical anisotropies. 

The Chern-Simons (CS) coupling between a rolling axion and a non-Abelian S U(2) gauge field, y F oe aH” where 
F = dA — g A ^ A, with g the gauge coupling, was introduced in to ‘slow down’ the axion via its associated 
friction term|*| In this way, natural inflation could proceed even with a sub-Planckian decay constant, f < Mp, 
(that is, in a steeper potential). This scenario is called chromonatural inflation (CNI). Interestingly, in this scenario, 
fluctuations in the gauge field source tensor and scalar modes. This is because the gauge field A, = A7Ta, (with T“ the 
S U(2) generators), can have a spatially isotropic configuration given by Af = Q(t)ô; at the background level, while its 
fluctuations give rise to tensorial perturbations from dA“ ~ B;;6/, sourcing the equations of motion for the tensors at 
the linear level: LIh;; = —162GIJ;;, where I1;; is the tensor part of the energy momentum tensor fluctuations 67,,,. In 
particular, the tensor modes experience a transient growth in one of their polarisations, h+ = hy#""™+h{o"°, enhancing 


38 See for the related scenario of gauge-flation and its relation to chromonatural inflation. 
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the amplitude of the gravitational waves and leading to the production of a chiral tensor spectrum, distinguishable from 
the tensor spectrum that arises in vanilla inflation scenarios. Thanks to the extra source of primordial gravitational 
waves (PGW), these can be produced at observable levels even with sub-Planckian field excursions, thus evading the 
Lyth bound (70). Further investigation has shown, however, that in CNI it is not possible to simultaneously satisfy 
the bounds on r and those on the scalar spectral index ns [631)|632]. An interesting proposal to alleviate this problem 
was proposed in [633]. The idea is to separate the inflationary sector from the gauge-axion sector, which acts only as 
a spectator, thus called spectator chromonatural inflation (SCNI) in [634]. A common feature of CNI and SCNI is the 
need for a large axion-gauge CS coupling, 2: 

pence A Auv 

ape Pw , (187) 
where F = dA—g AAA, with g the gauge coupling and both axion and gauge field canonically normalised. A successful 
SCNI, leading to a consistent background evolution and a large enhancement of the PGWs to observable levels without 
excessive backreaction of the gauge field fluctuations, requires indeed (i) + Mp1 > 10+, leading to typical values of 


A = O(10°), sub-Planckian decay constants f < O(107'), and (ii) small gauge couplings g < O(107?). Obtaining 
these values represents a non-trivial theoretical challenge as pointed out in [[635}|634] [636]. 

Axions and non-Abelian gauge fields are common ingredients in string theory compactifications, and thus it is 
natural to ask whether the SCNI model can be realised successfully in a UV complete theory and, if not, what are the 
main challenges. Some attempts to do this have appeared in the literature recently. In [637], an embedding of CNI in 
N = 1 supergravity was presented. 

Although, as we have mentioned, CNI is observationally unviable, one could in principle add an inflationary 
sector into the setup in [637], keeping the axion-gauge sector as spectators, to construct a model of SCNI. However, 
the viability and phenomenology of such a model will need to be carefully analysed when adding more fields. 

Later, in [638], an embedding of SCNI into a string theory scenario was presented. The model considers gaugino 
condensation on magnetised D7-branes in type IIB CY orientifold compactifications, and the axion associated to 
the 2-form potential C2 present in the compactification (used in to realise single-field natural inflation 
in string theory). The inflationary sector is given by a model of blow-up modulus inflation within the LVS. An 
explicit construction was not presented, and importantly, the backreaction of the gauge field tensor fluctuations on the 
background was not considered. 

In view of these results, considered in detail the requirements for a successful realisation of the SCNI sce- 
nario in explicit string theory setups. Specifically, as already mentioned, the construction should give (i) a successful 
background evolution, (ii) a sufficiently large enhancement of the tensor fluctuations to detectable levels by future 
experiments, and (iii) a controllable backreaction from the gauge field tensor fluctuations. The inflationary sector was 
given by blow-up inflation in the LVS framework[?| which, if taken alone as a single-field inflation, would give a 
tensor-to-scalar ratio that is too small to be observationally relevant. Embedding into a multi-field Kahler inflation 
model requires 3 Kahler moduli and, in order to realise SCNI, one needs to moreover introduce a spectator sector. 
This requires a fourth Kahler modulus and gaugino condensation on a multiply-wrapped magnetised stack of N D7- 
branes, whose gauge field fluctuations couple to a Cz axion. The full moduli stabilisation and cosmological evolution 
of the inflaton, as well as the spectator sector, was analysed in detail and thus it possible to explicitly identify the 
necessary parameters and their values in order to achieve the 3 goals stated above. Specifically, these parameters are: 
the magnetic flux m on the D7-brane stack, the degree of the condensing group N, and the wrapping number n. The 
typical values for these parameters to achieve a successful SCNI are (m, N,n) ~ O( 10*, 10°, 25). For the fibre inflation 
case, these numbers are slightly improved, (m, N,n) ~ O(10?, 10°, 1), though fibre inflation allows for a much larger 
tensor-to-scalar ratio. 


Multi-field Axion Monodromy 

Axion monodromy inflation represents an interesting scenario with a very rich phenomenology, in particular when 
considering multi-field extensions. Although there are no explicit string theory constructions of these, given their 
interesting phenomenology, we review here two field theory models and a realisation in supergravity. 


°Though a realisation with fibre inflation was also discussed in [634}. 
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i. Multiple axions Axion Monodromy Similar to N-flation, one possibility is to consider several axions whose 
shift symmetry is broken at tree-level generating a leading power-law term. This case was considered in [639], 
where it as shown that the spectral index is shifted red-wards from the single-field predictions. 


Later, in the same generalisation was consider, with the distinctive feature that inflation happens in 
two (or more) stages of monodromy inflation, separated by non-inflating epochs, such as matter dominatior| 
This model allows for a spectral index which fits the CMB constraints, and 0.02 < r < 0.06, which should be 
considered alongside the observational bound from BK-Planck 2020 r < 0.3 [24]. The authors also consider 
the possibility that the first inflaton couples to a U(1) vector field, producing vectors near the end of the first 
stage of inflation, which in turn can source tensors during the intermediate matter epoch. These tensor modes 
turn out to be chiral and could be accessible to future gravitational wave experiments at different scales. 


Axion-saxion Axion Monodromy While the models above focus on several axions, axions are usually coupled 
to their companion saxions, which are assumed to be stabilised in axionic inflation. However, the axion-saxion 
system can evolve cosmologically with very interesting effects. This was considered in [644], which studied 
an N = 1 supergravity model with an axion-saxion system that evolves non-trivially, giving rise to several 
interesting effects: (i) the fields execute transient strong non-geodesic motion without the requirement of a 
large field space curvaturd"’] This originates from transient violations of slow-roll, 7 2 1, caused by the 
modulations in the scalar potential. (ii) The non-trivial dynamics lead to a large enhancement of the adiabatic 
power spectrum at small scales, providing the first concrete realisation of resonant features studied recently in 
the literature 1647, [648]. These can lead to considerable production of light PBHs and a large and 
wide spectrum of induced GWs. The potential takes the simple form 


M? 2a 
V= Mpe Bem 


; A “| 
0 cos (b 8) + p sin (b0) + zM ° ) 4 (188) 


where @ is the axion and p the saxion, both of their leading terms being quadratid”?| In Fig. we show the 
inflationary trajectory and in Fig[20] we show the adiabatic and GW spectra for a selection of parameters (see 
for details). However, due to the large oscillations, the spectral index and tensor-to-scalar ratio at CMB 
scales have variations that violate current constraints. 


Figure 19: Inflationary trajectory of axion-saxion system as they move in the scalar potential ; 


40Double inflation models have been considered in the past [642] to decouple the spectrum on large and small scales. Models with multiple 
stages of inflation were called rollercoaster cosmology in [643]. 

4n it was shown that strong non-geodesic trajectories in supergravity seem to require large field space curvatures. 

42 This potential arises from the following potentials: Mg? K = -a log[(® + Õ)/Mpı -8S 5 /M}] and W = S (MỌ +iñe™®), where S is a nilpotent 
superfield and ® = p + i [18][644). 
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Figure 20: Adiabatic (left) and GW (right) spectra for a selection of parameters given in table 2 of . The adiabatic power spectra are computed 
using the code PyTransport [649]. The left panel shows the variation of Pg(k) for different values of A/M, with fixed b = 50. The right panel 


shows the variation of Oe. 
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5. Post-Inflation 


This section refers to physics that originates between the end of inflation and the start of the thermal Hot Big Bang. 
It begins with the universe still dominated by the vacuum energy of inflation, but now moving away from slow-roll as 
the inflationary epoch terminates. It ends as the universe settles into the Hot Big Bang: a radiation-dominated epoch 
with the energy density predominantly in relativistic thermalised Standard Model degrees of freedom. In this section, 
we focus on what happened between these two eras. This is not a comprehensive review of all aspects of cosmology 
in this epoch. Instead, we focus on those aspects where stringy physics is especially relevant. Readers interested in a 
more general treatment of the standard cosmology can consult e.g. [650] /4]], while an earlier discussion of aspects of 
moduli physics in this epoch is and a review of non-standard expansion histories is [652]. 

While it is true that there exists a ‘standard’ cosmological account of reheating, involving a rapid transfer of energy 
from inflationary degrees of freedom to relativistic Standard Model degrees of freedom, in string theory cosmologies 
there are no strong reasons to expect this standard account to hold. Although some aspects of the standard cosmology 
may be preserved in some string theory models, the standard cosmology may be modified in (at least) three ways. 
First, through the existence of large field displacements between the end of inflation and the final vacuum. Second, in 
there being no necessary relationship between the inflaton field and the field responsible for reheating. Third, through 
the expectation of a long moduli-dominated epoch in the universe culminating in moduli-driven reheating. These 
possibilities are illustrated in Fig. In addition, UV complete string models may connect aspects of early universe 
and particle physics that otherwise appear uncorrelated. 
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Figure 21: A cartoon of one way moduli and stringy physics can substantially modify the post-inflationary history of the universe. Following a 
period of inflation at relatively high energies, several epochs may occur prior to the start of the Hot Big Bang. We show here the case of a kination 
epoch followed by moduli domination leading to late reheating. Note the large range of scales that may arise in the scalar potential and the scalar 
field displacement. In particular, the barrier after the minimum may be 20 (or more) orders of magnitude smaller than the energy scale during 
inflation (Vbarrier ~ 107% Vint). 


5.1. The Standard Cosmology 


We start with a brief review of the ‘standard’ account of post-inflationary cosmology. During the inflationary 
epoch, the universe was dominated by the vacuum energy density of a scalar field and the evolution of the universe 
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was well approximated by 


A(t) = Hirt, (189) 
ap=ainwe , (190) 
p(t) = Vint = 3H? M6. (191) 


During inflation, the inflaton slowly rolls down a flat potential. As inflation ends, the inflaton starts rolling rapidly and 
oscillates about the minimum of the potential. The amplitude of the inflaton ¢ can be modelled by 


$+ (3H +Dġ =-m’ 6. (192) 


Strictly, Eq. is only correct if the inflaton is oscillating rapidly about its minimum. 

The coherent oscillations of the inflaton are equivalent to a population of massive inflaton quanta. These quanta 
behave as massive particles and decay to the Standard Model with a decay rate I and with a lifetime t = I~!. For 
times t « T the universe is matter-dominated and filled by ¢ particles. It evolves as 


t 2/3 
a(t) = Altinit) (| ; (193) 
p(t) = ZF. (194) 
a 


For times t > T, all ¢ particles have decayed, and the universe is radiation-dominated, leading to 


t 1/2 
a(t) = a(tinit) (~} : (195) 
pi) = ZE. (196) 
a 


At this point, reheating has fully occurred and there is no energy density left in the inflaton field, with all energy 
transferred to the Standard Model. While nothing in the above specifies the lifetime t which marks the transition into 
the Hot Big Bang, it is normally expected to be short, lasting for few or no e-folds in the scale factor. 

In a full treatment, the process of reheating is time-dependent as decays are stochastic and governed by quantum 
mechanics. However, an analytically simple approximation which captures most of the relevant physics is the instan- 
taneous decay approximation. In this approximation, all inflaton particles are assumed to decay at the same time 7, at 
which H = Hg... As H = 1/(2t) during radiation domination, Haec = 1/2. 

As the energy density of thermalised radiation is set as 


n2 


= — g, TÍ, 197 
Py 30° (197) 
V =3H?Mn, (198) 
we can evaluate the reheating temperature as Vdec = 3Hå M to obtain 
90 
4 2 442 
Th = gum Fj.-Mp, . (199) 


This formula defines the reheat temperature, corresponding to the last stage of significant entropy injection. The 
subsequent evolution of the universe is a radiation-dominated Hot Big Bang. 

The reheating temperature specifies the maximum temperature at which the formalism of a thermalised Hot Big 
Bang can be applied. The actual value of the reheating temperature is crucial for many questions in particle cos- 
mology and astroparticle physics. For example, scenarios of thermal leptogenesis rely on reheating temperatures 
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Tn 2 10!! GeV, whereas many scenarios of dark matter production, such as thermal freeze-out, involve Tin = 1 GeV. 
Nonetheless, the only strong constraint is that reheating must occur prior to the time when nucleosynthesis com- 
mences (t ~ 0.01 s, Tggn ~ 1 MeV). Once the Hot Big Bang starts, the subsequent evolution of the universe is well 
approximated by 


a(t) = altan) (+) 


init 
fA 
T 
t) = —g,T"*. 200 
p(t) 308 (200) 


Here T denotes the thermalised temperature and g, the effective number of relativistic degrees of freedom 


& = Deri > er (201) 


bosons fermions 


In the ‘standard’ treatment of reheating, it is normally assumed that the inflaton will decay (and reheat the universe) 
via tree-level perturbative couplings to the Standard Model, e.g. 


yeOO, (202) 


where y is the Yukawa coupling, analogous to the couplings of the Standard Model Higgs H. For such perturbative 


decay channels, the decay rate is 
2 
y 


If the inflaton decays via perturbative and renormalisable channels, as in Eq. (202) above, then 


2 2 
y 2 
Th on (msi) . (204) 


For mọ Z 1TeV, the resulting reheat temperature is rather large; such large reheat temperatures are necessary for 
various Beyond-the-Standard-Model scenarios such as thermal leptogenesis. 

In string cosmologies, we expect substantial modifications to this picture, both in terms of the physics of reheating 
and also in terms of the evolution of the fields between the end of inflation and the final minimum. The latter is 
chronologically earlier and so we consider it first. In doing so, we are compelled to consider a problem associated to 
a tension between inflationary and Standard Model energy scales. 


5.2. The Overshoot Problem 


As described in Sec. B]the field space of string compactifications is described by moduli which can vary across 
many Planckian distances in their expectation values. There is no reason that the present day vacuum of the theory 
should occupy a similar location in moduli space now as it did during the inflationary epoch; indeed, they may be 
separated by many Planckian distances in field space. In that case, the theory has to move in moduli space from one 
location to the other. As with other similar points in this section, this is not a necessary feature of models of string 
inflation; however, our focus here is on the novel behaviours that can occur in string cosmology, rather than the cases 
where a string cosmology replicates more standard scenarios. 

Such a cosmological evolution can give rise to a dynamical problem. As detailed in Sec. inflation is the leading 
candidate theory that can simultaneously explain both the large-scale homogeneity of the universe and the presence 
of small-scale inhomogeneities which have subsequently grown into galaxies and the other cosmic structures we see 
today. Inflation is characterised by an exponential growth in the scale factor of the universe driven by the vacuum 
energy of a scalar field. The rate of this growth arises from the size of the vacuum energy during inflation. While not 
yet known, it is naturally large. Expressed in terms of the tensor-to-scalar ratio r which stage 4 CMB experiments 
hope to measure, it is 

vila ~ pl/4 1016 GeV. (205) 
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However, the quasi-de Sitter state experienced during inflation is, by definition, not the final vacuum and string 
theory/supergravity models of inflation typically end with rolling moduli. 

During the inflationary epoch, we expect the characteristic scales to be large. In supergravity models, unless 
special and specific cancellations occur, the scale of the potential is V ~ m Moi: This follows from 
V = e“ |KYD,WD;W - 3|W| (206) 


and m3/2 = eX/?|W| (in units where Mp, = 1). Based on this, for r = 10-! (as holds in essentially all models of 
inflation) we expect the gravitino mass during inflation to satisfy m3/. 2 10° GeV. 

The key point is that when inflation ends, the state of the universe is likely to involve rolling moduli fields, with 
potential energies far greater than any of those currently applicable in particle physics. The cosmological evolution 
must take us from this state to the current vacuum, in the process dissipating all this early potential energy. 

The overshoot problem is the question of why, and how, this evolution ends up in the current vacuum, as opposed 
to simply running off to the 10-dimensional decompactification limit. In terms of the 4-dimensional effective potential, 
it is always the case that V — 0 in the asymptotic limits where g, — 0 or V, — œ at the boundary of moduli space. 
This can be seen in several ways, but the most intuitive is to note that since the string scale relates to the 4-dimensional 
Planck scale as (where V, is the volume of the Calabi- Yau measured in units of p in terms of the 10-dimensional 
string frame metric in the convention where string and Einstein frame metrics coincide in the vacuunf®} 


8s Mp, 


M, = > 
Vár VV, 


(207) 


then in 4-dimensional Einstein frame these asymptotic limits correspond to M, — 0. As all physical scales in string 
theory (including the scalar potential) depend on M,, as Ms — 0 it will always be the case that V > 0. 

If post-inflationary evolution starts with the universe having large positive vacuum energy in the deep interior of 
moduli space, why does it not just evolve so that it runs away all the way to the zero-potential decompactification 
limit? 

As the current vacuum is a local minimum of the potential, it is surrounded by a barrier to decompactification. 
However, the height of this barrier is typically ~ m nM (following from the general structure of the supergravity 


scalar potential), and many scenarios assume mza <« mý. A primary example where m33 <« ms is explicitly 
realised is when inflation is driven by the volume modulus close to an inflection point at small field values [560] (558). 
The height of the barrier is miniscule compared to the height of the original potential — so how can the barrier trap the 
fields? To visualise this problem, one can imagine a rollercoaster released under gravity from a height of a hundred 
metres and which must stop at an endpoint where the track rises by one millimetre — except the inflationary case 
involves a far greater disproportion in the relative potential heights. 

The overshoot problem was first formulated by Brustein and Steinhardt [653]. A key point of their analysis, which 
remains true today, is that stringy potentials are naturally extremely steep. To appreciate this, note that the two most 
important moduli are the dilaton (S) and volume modulus (T), as these incorporate g, and V and so control the 


asymptotic runaway limit to large volume and weak coupling. The Kahler potential is logarithmic in these moduli, 
typically 


K =-In(S +5)-3m(T +7). (208) 


Examining the metric Ky or Krz, this implies that the canonically normalised field is logarithmic in either the string 
coupling g, or the volume V. 

Any string-derived potential that is a simple power-law in the dilaton or volume — as would arise from any per- 
turbative weak coupling expansion in either g, or a’, or also any potential whose natural scaling is M4 — will then 


“The relation between the metrics in string and Einstein frames in 10 dimensions is convention dependent and in general is given by G5, N= 


4-00 

= E 
ee Gun: 
section. 


the above choice of conventions corresponds to ¢9 = (ġ}. Note that this differs from the convention used in the moduli stabilisation 
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correspond to a potential that is a runaway exponential in the canonically normalised field ø, V(#) œ e~**. Note that 
while such a runaway exponential cannot itself have a minimum, it may nonetheless be a good approximation to the 
moduli potential over a large region of its field range, and so be a good approximation to the full potential. 
Such an exponential potential 
Vig) xe"? (209) 


is already rather steep. We note that in string theory ‘flat’ exponentials do not occur; current evidence suggests that 
A> v2 and accelerated expansion cannot occur (e.g. see for recent discussions). 

Moreover, in many cases stringy potentials actually arise from non-perturbative terms in the superpotential: ex- 
amples are gaugino condensation in racetrack models, or the non-perturbative effects in KKLT. For such models the 
potential in terms of the canonical field is instead a double exponential: 


V(b) « ee (210) 


Like a second slice of chocolate cake, this is perhaps too much of a good thing; manifestly, such double exponentials 
are exceptionally steep and, plotted on a linear axis, resemble a vertical cliff - which simply serves to re-emphasise 
the overshoot problem. 


5.3. The Road to a Solution: Rolling and Tracker Solutions 


The overshoot problem is a well-posed question about the immediate dynamics of post-inflationary string cos- 
mology. It looks like a sharp and severe problem. However, it turns out there is a clear roadmap to a solution which 
also offers the attractive possibility of quasi-universal behaviour in the early universe (within the context of string 
compactifications). First, however, we describe the simplest solutions to the overshoot problem (but also ones which 
remove most of the interesting physics from it). 

The overshoot problem exists when the scales present in inflation are substantially larger than the scales of the 
barrier preventing decompactification. If this is not the case, then there is clearly no overshoot problem. There are two 
easy ways to achieve this but both are somewhat artificial. The first is through models of extremely low scale inflation. 
If Ving ~ (1 TeV)", then the inflationary potential is comparable to the weak scale and there is no overshooting problem 
to explain (for example, see [659]}). However, it is difficult to embed such models into string theory as viable 
UV-complete examples of inflation. 

The second ‘trivial’ solution to the overshoot problem is to require that the scales of the post-inflationary vacuum 
are the same as that of the inflationary potential. The barrier height is then, automatically, comparable to the scale 
of the potential during inflation. In this case, there would be manifestly no overshoot problem. Examples of models 
utilising this approach are [660] [661] |662]. The problem with this solution (and why we use the word ‘trivial’ to refer 
to it) is that it ducks the question of where the weak scale (or indeed, any of the other particle physics hierarchies) 
actually comes from. While it is intellectually consistent to regard the weak scale as a pure accident of nature, arising 
from either a highly fine-tuned Standard Model or a similarly fortuitous cancellation resulting in a light gravitino 
mass (i.e. m 2% m? from fine-tuning), this avoids all the deep ‘why’ questions about the Standard Model and its 
energy scales. One can then reasonably then ask: why care about using string theory in the first place to understand 
the hierarchy problems of the Standard Model? 

Another approach to mitigate the overshoot problem comes from cases where the Standard Model is sequestered 
from the sources of supersymmetry breaking, since in this case low-energy supersymmetry could be compatible with 
a large gravitino mass. However, such sequestering requires a particular realisation of the Standard Model with D3- 
branes at singularities and several sources of desequestering can ruin this picture e.g. [663]. Moreover, even 
in the presence of sequestering, TeV-scale supersymmetry can be compatible with at most m3;2 ~ 10!! GeV, which 
would still be 3 orders of magnitude smaller than a Hubble scale during inflation of order Hint ~ 10!4 GeV. Such 
scenarios would, therefore, likely still have some remnant overshoot problem to be solved. 

A more attractive and more ambitious solution to the overshoot problem (compared to the above) comes from the 
ideas of kination epochs and tracker solutions. To see how these arise, we start with the equations of motion for an 
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Figure 22: A typical potential featuring high scale inflation and a low barrier toward decompactification which can potentially suffer from the 
overshoot problem. Figure by Elisa Quevedo. 


evolving scalar: 


? _ OV 
b+ 3Hdb = -z (211a) 
T. a 
H = TA vos F (211b) 


The Hubble friction term (proportional to H) implies that all sources of energy act as friction on a scalar rolling down 
a potential. If large enough, this braking friction will avoid the overshoot, by slowing down the scalar sufficiently so 
that it fails to climb over the barrier to decompactification. While there are contributions to Hubble friction from both 
the potential itself and any kinetic energy of the scalar field, the self-braking is not by itself enough to avoid overshoot. 


In slow-roll inflation, the largest contribution to H is the energy density in the potential. However, once a field starts 
rolling down an exponential (or even double-exponential) slope, the steepness of the potential implies that the kinetic 
energy of the inflaton rapidly becomes large. In particular, it dominates over the contributions of the potential density. 
The universe then enters a phase where its energy density is dominated by the kinetic energy of the scalar field — a 
kination phase (first named in [664]). For a recent review of kination, see [665]. 

In such a kination epoch, the scalar field equations of motion Eq. and (211b) reduce to 


$+ 3Hd=0, (212) 
42 
=f. (213) 
6M;, 
This results in an equation for ¢: 
P 3, 
Mp b+ [5% =0, (214) 
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which is solved by 


2 t 
@ = init + en in(). (215) 
init 


Here the initial condition has been set as @(tinit) = Ginit- The residual integration constant has been fixed by requiring 
that a time coordinate of t = 0 represents (at least formally) an initial singularity where the energy densities diverge. 
It is worth noting that during kination, the field moves through approximately one Planckian distance in field space 
each Hubble time. This is an interesting feature from the perspective of string cosmology; such trans-Planckian field 
excursions are home territory for string theory and require a theory of quantum gravity to ensure adequate control of 
the effective field theory expansion over such large displacements. Any extended kination epoch, lasting for many 
Hubble times, will result in a field traversing a markedly trans-Planckian distance (such a kination epoch can also 
have an interpretation as a 10-dimensional Kasner solution [666}). 
The scale factor behaves as 


a(t) o t, (216) 
; 2 42 
which follows immediately from H? = (2) = a. During a kination epoch, the energy density therefore drops off 
Pl 
as 
Prin) œ ary. (217) 


By comparing with p œ a~? or p œ a~t (behaviours of matter and radiation domination), we see that kinetic energy 
dilutes much faster. This implies that during a fast-rolling kination phase, any initial sources of matter or radiation 
will — over time — catch up with the kination energy. At this point, their additional Hubble friction can effectively stop 
the evolution of the field (it becomes overdamped) until the energy densities of the universe have fallen sufficiently 
for the slope of the potential to become important again. 

At this point, the evolution enters an attractor tracker solution. The ‘attractor’ nature refers to the fact that many 
initial conditions converge onto the same solution. The ‘tracker’ property refers to the fact that fixed proportions 
of the energy density lie in each of potential energy, kinetic energy and radiation (or matter) [668]. The 
use of tracker solutions, and additional Hubble friction to avoid overshoot, goes back a long way (for example, see 
674). 

We now describe the properties of the tracker solution (mostly following the analysis of [668]). The existence of 
the tracker solution relies on the presence additional contributions to energy density that redshift slower than kinetic 
energy. For a generic cosmic fluid with equation of state 


P=(y-Dp, pea, (218) 


and so a slower redshift than kinetic energy requires y < 2. Both matter and radiation satisfy this condition. Given 
the high inflationary scales, there does not appear to be an obvious candidate for stable matter at the end of inflation 
(although, as possibilities, one could consider either primordial black holes or relatively heavy axions with ma < H, 
which become non-relativistic shortly after the end of inflation). 

Instead, we focus on the relatively universal case of initial radiation, where extra = Py (note we use p, to denote 
any form of radiation, not just photons). There are many good candidates for such radiation (for example, gravitons, 
axion-like particles or extra U(1) gauge bosons). 

The Friedmann equations are 


f 1 ; 
2 2 
=- py+P,+¢°)=- Ypy + 6°), (219) 
au J= ang 0% *#) 
1 1. 
H? = r (Py + 56° + VO), (220) 
TA 2 
with energy conservation set by 
by = -3H (p; + Py) = —3Hyp; . (221) 
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The attractor nature is made manifest by transforming to the variables 


ġ 1 _ [v@_1 


x= — —, ; 
Ma VH ” 3 MrH 


(222) 


These variables are equivalent to the fractional energy densities in kinetic and potential energy, Qg = x? and Q, = y, 
while the energy density in radiation is set by Q, = 1 — x? — y?. The dynamical evolution then becomes 


x’(N) = -3x - aS P + iaa +y -x -y’)], 
aan VO) 3 3 2 _ 42 2 
y(N) = væ V2 + z2x +y -=x —y")], (223) 


H'(N) = ~SHQx + (1-7 -y*), 
¢'(N) = Vox, 


where the time variable is N = Ina. 
One of the simplest possible potentials (which happily also holds for LVS and other models where the potential 
is power-law in either the dilaton or volume moduli) is where the potential can be approximated by a single (steep) 


exponential] 


V = Vo exp [2,2] ; (224) 


so that V’(¢)/V(¢) = —A/Mp). While in an LVS context, A = 27/2, the precise value of A is not essential for the 
existence of the tracker solution. We regard ø = 0 as corresponding to the central region of moduli space (with either 
gs ~ Lor V ~ 1). The precise value of Vo will depend on the details of the compactification, but for reasonable values 
of Wo we expect it to be of order M3. In this regime, the system is known to have a stable attractor solution 
where the scalar field and radiation have a fixed ratio of energy densities. The fixed point is characterised by 


3y? 32- y) 3y 
Gags Q, =y = Q,=1--y=1-55. (225) 


If the attractor solution is obtained before the rolling field reaches the barrier, it will not overshoot. 

The presence of such attractor solutions has several appealing features. First, it provides a natural mechanism for 
solving the overshoot problem (for some alternative approaches, 
for which we do not have space for a full discussion, see [[678][679|[680]|662]). The additional energy content provides 
a Hubble friction that slows down the rolling runaway field sufficiently to ensure that it does not overshoot the barrier 
to infinity, but ends in the desired low-energy vacuum. The extra friction provides a natural solution to the overshoot 
problem, and allows the true vacuum to be located with relative ease. 

Second, the required ingredients for this mechanism to work — additional matter or radiation — are not exotic and 
are generally present within string compactifications. To be more specific, some extra radiation will always be present 
at the end of inflation. Associated to the quasi-de-Sitter phase of inflation is a temperature, 


H 
Tas = — - (226) 
2n 


“4Tn the context of LVS, the single exponential is a good approximation while the field rolls down the slope. Near the minimum, other terms 
become important. The full potential takes the form 


VCD) = Vo((1 - e¢?/2)e~? + 8e V6), 


Here the uplift parameter 6 needs to be fine-tuned to achieve a dS vacuum at ġ ~ e72/, 
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Alternative histories of our Universe 


Figure 23: Alternative histories of the universe including potential periods of kination and moduli domination. 


The thermal bath associated to this temperature will lead to an energy density in radiation at the end of inflation given 
by 


m (HarV 
Py, init = Tel nt ş (227) 


This is a ‘minimal’ level of radiation, as its origin is effectively universal — whatever the inflationary model, we expect 
it to be accompanied by thermal background radiation of this magnitude. Other, more model-dependent, sources 
of inflation include the perturbative conversion of the inflaton degrees of freedom into radiation (i.e. the analogue 
of decays in a time-dependent background) or radiation from any cosmic strings that may be formed at the end of 
inflation, such as in models of brane inflation. 

Finally, this mechanism also suggests that an extended period of kination may be a generic, or universal, feature 
of string cosmology in the early universe: it appears to be a common, if not universal, expectation of string cosmology 
that the evolution of the universe passes through a kination epoch and then a scaling solution. This would be appealing 
as it would simplify the search for any distinctive observational footprints from string cosmology: generic behaviour 
provides a clearer and cleaner target than scenarios where ‘anything goes’. 

All that said, it is also worth enumerating the potential challenges and disadvantages associated to this solution 
to the overshoot problem. The first such challenge is associated to the large field displacements required. From Eq. 
(215) we see that during a kination epoch, in every Hubble time the field passes through a Planckian distance in field 
space. A kination epoch that lasts for a significant number of Hubble times will involve a notably trans-Planckian 
field excursion. Furthermore, to reach the tracker solution it is likely that such an excursion is necessary; the tracker 
solution requires radiation to ‘catch up’ with the kinetic energy. However, the nature of inflation is that the initial level 
of radiation will be highly sub-dominant. For example, Eq. would give rise to 


Oy init ~ E (228) 


The lower the inflationary scale is, the smaller Q, jnit is, and the longer the kination epoch needs to last in order for 
the radiation to catch up and lock onto the tracker solution. 

However, such large field excursions are not without their problems. As reviewed in Sec. according to the 
Swampland Distance Conjecture, towers of states come down in mass whenever a field traverses a trans-Planckian 
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distance Ad > Mp, B3], 


M; x e79 Me (229) 


where 4 is an O(1) number. Such towers of states may modify the low-energy effective field theory and lead to addi- 
tional corrections to the Lagrangian, although note that the presence of a descending tower of states is not necessarily 
a problem: some examples, such as Kaluza-Klein states in the asymptotic large volume regime, are relatively well 
understood and do not necessarily lead to control issues. 

The second, related, challenge is that most possible origins of initial seed radiation generate rather small amounts 
of radiation, at a level proportional to (Hing /Mp)’. For models with low inflationary scales, it would not be possible for 
fields to reach the tracker solution before they overshoot the barrier and are on their way towards decompactification. 
In practice, the tracker solution may be hard to locate and in this case, another mechanism to avoid overshoot would 
have to be found. When the mechanism works, it works well — but the tracker requires rather specific conditions on 
the available field displacement in order for it to work. 


5.4. Moduli Domination 


However it happens, overshoot must be avoided in any cosmology that can describe our universe. Sooner or later, 
the theory must approach our own vacuum and gradually settle into it. It is here that another characteristic aspect of 
string cosmologies come into play: the expectation of a period of moduli domination. Why? 

In expanding universes, matter and radiation redshift as 


Prat © a(t)? , 
Praa A; (230) 


and so matter wins out over radiation. Although both familiar and basic, Eq. implicitly contains one of the most 
important elements of string cosmology. As discussed in Section] moduli originate from higher-dimensional modes 
of the graviton and interact through gravitationally suppressed couplings. On dimensional grounds, the decay rates of 
such moduli are set as 


T; = —— (231) 


where 4 is a dimensionless O(1) constant, whereas particles with renormalisable perturbative decays have decay rates 


given by Eq. oa}. Compared to these, the lifetimes of the scalar moduli are enhanced by a factor of (Mp, Im). 
Indeed, as the Planck scale is the silverback mountain gorilla of energy scales in physics, moduli also outlive other 
particles with non-renormalisable interactions suppressed by (merely) the GUT scale. 

When heavy particles decay, their decay products are normally relativistic. With radiation redshifting as praa ~ a` 
and matter redshifting as Pmat ~ 47°, the relativistic products from any ‘early’ decays rapidly grow sub-dominant to 
any surviving matter present. With the evolution of cosmic time, a universe crowded with particles inevitably becomes 
dominated by the longest-living, latest-decaying matter. As gravity is, both empirically and theoretically, the weakest 
force, this implies that it is a generic expectation of string compactifications that the universe will go through a 
stage where its energy density is dominated by the mass-energy of moduli particles, for which all interactions are 
non-renormalisable and suppressed by the Planck scale. 

This era of moduli domination is one of the most generic and distinctive expectations of string cosmology, and it is 
one of the most notable ways in which string cosmology differs quite substantially from many field theory approaches 
to inflation where reheating is assumed to be driven by fields with couplings that are either renormalisable or, at least, 
suppressed by scales far lower than the Planck scale. While not strictly unique to string theory (the key feature is the 
presence of massive scalars with gravitational-strength interactions), it represents a very different cosmological history 
to many Beyond-the-Standard-Model post-inflationary scenarios, which involve a rapid transfer of energy from the 
inflationary degrees of freedom into Standard Model particles. 

Sometimes string theory is seen as an esoteric UV issue of little interest to hard-working practical cosmologists 
studying the universe one trillionth of a second after the Big Bang. It is, therefore, important to note that the cosmology 
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of such standard field theory scenarios is unstable to the inclusion of a sector with only gravitationally coupled particles 
(i.e. moduli). As described above, as long as there is some initial amplitude in the moduli fields, we expect this energy 
density to grow so that the universe passes through an epoch of moduli domination. 

Naively, one may think it possible to avoid this by assuming that the inflaton is charged only under Standard 
Model degrees of freedom, such that all inflationary dynamics only involves a displacement in the inflaton field. The 
claim is that, in this case, there would be no amplitude in the moduli degrees of freedom or, put another way, the 
post-inflation moduli would not be displaced from their final minimum during inflation. However, in practice it is 
very hard to engineer this: in the context of any effective Lagrangian with a UV completion in string theory, there 
will almost always be an initial displacement of the moduli from the final minimum, and thus some amplitude in the 
moduli field. This is particularly so for the universal moduli — the overall volume and the dilaton (see for one 
explicit computation of the volume mode displacement during inflation). 

Why? We illustrate this in the context of IIB compactifications, but the argument extends easily. The supergravity 
scalar potential is (with Mp, = 1) 

V =e (KYD,WD,W - 3|WP). (232) 
The Kahler potential is 


K=-2inver+7)=In fina) -ms +8), (233) 


where V is the volume, T the chiral superfield containing the volume modulus, and § the superfield for the dilaton. 
As this Kahler potential directly depends on V and S, the presence of the eX factor implies the scalar potential 
will always depend explicitly on these fields. Any source of energy will give a contribution to the potential for these 
fields; this includes the inflationary contribution to the potential that is absent in the final minimum. This implies that, 
during the inflationary epoch, these fields are necessarily displaced from the final minimum: in terms of the moduli 
fields defined as oscillations about the final vacuum, such fields have non-zero amplitudes during inflation. 

If arguments in terms of N = 1 supergravity Lagrangians sound somewhat abstract or specific to supergravity, 
there is a more physical way of putting the same point. The dilaton (string coupling) and volume modulus both 
directly enter the relationship between the string scale and the 4-dimensional Planck mass (where V, the volume of 
the Calabi-Yau measured in units of /° in terms of the 10-dimensional string frame metric in the convention where 
string and Einstein frame metrics coincide in the vacuum i.e those described above equation (207)) 


8s Mp, 


M, = 
© Vän VV; 


(234) 


Just as in string theory the string mass M, is the fundamental physical scale, so is g, the fundamental measure of 
the intrinsic strength of quantum effects (including gauge couplings). Therefore, all physical scales (in particular, 
potential energies) depend on M, — and so all potentials will depend on the string coupling and the volume modulus. 
From this, it immediately follows that the inflationary part of the potential acts a source term for the dilaton and 
volume modulus — and so once this is removed, the expectation values of these fields will shift, implying that during 
inflation these fields are displaced from their final minimum. 

We note here another potential important stringy difference to field theory scenarios of inflation. In field theory 
scenarios, inflation ends with a rolling inflaton. Although the inflaton ultimately decays so that only the curvature 
perturbation survives, the inflaton is still present at the end of inflation and the inflaton still exists as a potential 
excitation within the theory. In string theory, inflation may end with the inflation having already disappeared at the 
end of inflation. In examples like brane inflation, where inflation terminates with brane/anti-brane annihilation, the 
inflaton field (the brane position) has entirely vanished in the post-inflationary epoch. Nonetheless, the argument that 
such a universe should find its way to a moduli-dominated epoch is unchanged®] 

The resulting era of moduli domination is therefore generic and one of the most universal expectations in string 
cosmology. Moreover, when reheating does proceed only via non-renormalisable interactions suppressed by a factor 


45Reheating after brane/anti-brane inflation has a rich phenomenology (many of the features are intrinsically string theoretic). See e.g 
; 
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of Mp, (as for moduli), then ‘standard’ expectations as to the reheating temperature are greatly modified. The reheating 
temperature now becomes 


; 1 
@ \2 Mg 2 
Ta en (2 2 
(E (E) m (235a) 
1Gev (2 V" 235b 
TOE (oe) 2230) 


In a stringy context, we expect the reheating temperature to be much lower than in field theory scenarios. Physics 
expected to take place in the early universe (e.g. baryogenesis) must proceed via scenarios that can operate at these 
relatively low temperatures. 

The fact that in string theory, reheating is expected to proceed via moduli decay leads to various cosmological 
problems and/or opportunities that must be addressed. It should be emphasised again, though, that these problems are 
not specific to string theory; all consistent theories of the early universe must include gravity and these questions arise 
in any theory which includes in its spectrum scalar particles whose interactions are not stronger than gravitational 
strength (i.e. they are non-renormalisable and suppressed by explicit powers of Mp)): this issue cannot be rendered 
irrelevant by pretending it does not exist. 


V Inflation 2 V After Inflation 


Decay/reheating Late times 


Figure 24: Moduli domination. During inflation moduli fields which are not inflatons tend to be trapped at a point that does not correspond to 
their minimum. Only after inflation is finished do those moduli field start settling towards their minimum. Their coherent oscillations around this 
minimum come to dominate the energy density of the universe, behaving like matter domination, and particle production during this time is the 
source of reheating. This differs substantially from the standard picture of reheating from the inflaton right after inflation. 


5.5. Aspects of Moduli-Induced Reheating 


This epoch of moduli domination can affect various areas of early universe physics and we now consider in more 
detail the implications of reheating driven by decays of moduli. 


5.5.1. The Cosmological Moduli Problem 

One of the best-known issues associated with moduli reheating is the cosmological moduli problem (CMP) 
[688] [689]. The Mpı-suppression in moduli interactions implies that they are long-lived. While the masses of moduli 
are model-dependent to some extent, in most cases these masses are comparable to the gravitino mass. When low- 
energy gravity-mediated supersymmetry is used to solve the hierarchy problem of the Standard Model, the soft terms 
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are also normally comparable to the gravitino mass (note that for gauge-mediated models, m3;2 « 1 TeV, and this 
issue becomes more severe). For ‘generic’ supergravity models, we then have 


mg ~ 3/2 ~ Myon ~ 1 TeV, (236) 


where mg denotes the modulus mass. For such mass scales, it follows from Eq. (235b) that the resulting reheating 
temperature is Tm < 1 MeV, insufficient for conventional nucleosynthesis. Generally, in any case where the lightest 
moduli have masses my < 30 TeV, the period of moduli domination extends until a time period later than when Big 
Bang Nucleosynthesis (BBN) occurred. As observations of primordial element abundances make us highly confident 
that the standard picture of BBN is correct, such cosmologies are inconsistent with nature. 

The above was first realised in the 1980s by Coughlan, Fischler, Kolb, Raby and Ross for the supergravity 
Polonyi field and is the original cosmological moduli problem. It was subsequently re-emphasised and shown to be 
generic in the context of stringy scenarios of moduli stabilisation in and has existed since then as a standard 
reference point in discussions of string cosmology. The importance of this problem lies in its genericity: as long as 
moduli exist, they will tend to survive at low energies and tend to dominate the energy density of the universe. The 
original arguments relied on the assumption of low-energy supersymmetry to estimate their masses. However, the 
argument is more general than supersymmetry. Even if compactifications do not preserve supersymmetry, as long as 
the Kaluza-Klein scale is smaller than the Planck mass the moduli will survive at low energies. As moduli are the zero 
modes of Kaluza-Klein field, they only obtain masses through quantum effects. It is easy to estimate that their masses 
are at most of order Mix /Mp, which is much smaller than the KK and string scales as long as Mgg < Mp. 

The cosmological moduli problem is associated to the time at which moduli decay, and through this, the Hubble 
scale (i.e. temperature) at which a conventional radiation-dominated Hot Big Bang is initiated. It may be useful here 
to distinguish here between a hard cosmological moduli problem and a soft cosmological moduli problem. 

The hard CMP is the requirement that Tin > Tgpn: we know that BBN occurred and so it is an absolute necessity 
that the reheat temperature is in excess of the temperatures required for BBN. There are several other aspects of 
physics we think originated in the thermal Hot Big Bang, but where a precise answer is not known. Examples include 
mechanisms for baryogenesis and the origin of the dark matter relic abundance. Scenarios for these can require 
Tın > Tppn. AS examples, scenarios of thermal leptogenesis can require Tin > 10!! GeV whereas thermal 
freeze-out of WIMP dark matter tends to require Tin 2 mpm/20, where mpm is the dark matter mass. The soft 
CMP refers to the requirement that 7, is sufficiently high to allow for all the other particle physics, in addition to 
BBN, that we would like to occur in the Hot Big Bang. As the name suggests, this requirement is more nuanced and 
model-dependent, being tied to the actual physics used to generate (for example) the baryon asymmetry. 

Since its original formulation, the importance of the CMP as a problem has waxed and waned. Most obviously, 
the ‘Problem’ in the title originates from an assumption that supersymmetry would be present at TeV energy scales 
and would solve the hierarchy problem of the Standard Model. If low-energy supersymmetry is entirely absent — or 
even if it simply ameliorates the hierarchy problem by appearing at 1000 TeV energy scales — then the hard CMP loses 
its force. It is certainly true that, since the CMP was first proposed, the energy scales at which supersymmetry might 
plausibly be present have risen by an order of magnitude. 

A further aspect is the development of explicit models of moduli stabilisation. The original CMP was formulated 
based on the properties of ‘generic’ N = 1 supergravity scalar potentials. With the construction of actual scenarios of 
moduli stabilisation, it was realised that these ‘generic’ expectations are often violated in actual models, which have 
additional structure compared to ‘generic’ expectations. We give two examples. 

The first example involves models based on non-perturbative stabilisation, where a gaugino condensate is balanced 
against either a constant term or another gaugino condensate. The standard examples of these are KKLT and racetrack 
models, as discussed in Sec. In this case, there is a logarithmic enhancement in the masses of moduli relative 
to the gravitino mass, and also a logarithmic suppression in the mass of the soft terms relative to the gravitino mass 


[691] . More specifically 


M M 

mg ~ m (22) map ~ In? (E) Mor. (237) 
m32 m3/2 

This implies that soft terms at ~ 1 TeV would actually be accompanied by moduli masses at 1000 TeV, greatly 

ameliorating the cosmological moduli problem. 
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The second example involves models which start with a no-scale structure (of which LVS is the principal example). 
At leading order (i.e. with exact no-scale as in GKP [83]) a modulus remains massless despite the presence of both a 
finite gravitino mass and broken supersymmetry. In the full vacuum, this structure still survives approximately, with 
a modulus parametrically lighter than the gravitino mass: 


mg & m3/2. (238) 


The form and scale of the soft terms depends on the realisation of the Standard Model and the degree of sequestering 
present. Two possible scenarios have been identified [562] , building on earlier analyses of LVS soft terms 
in [694] [696]. These lead to either 


Mp, Mp; 
m3/2 ~ a > mg ~ Mor ~ -l (239) 
or 
Mp Mp Mp 
™3/2 ow Vy > Mo ad V2 > M oft e y2 ý (240) 


Irrespective of which case is realised, what Eqs. (237), and have in common is a pattern of masses very 
different to that assumed in the ‘generic’ CMP. 

Despite these results, and the general softening of the CMP in the absence of a discovery of weak scale super- 
symmetry, it persists as a question that must be addressed in all stringy cosmologies. Even if the hard CMP is not 
a problem as such, it is also a reminder that stringy cosmologies are expected to have lower reheating scales than in 
more conventional field theory models of the early universe. 


5.5.2. Dark Radiation Constraints on Moduli Decays 

The cosmological moduli problem is primarily associated with the time at which moduli decay, and the danger 
that the transition to radiation domination occurs too late for conventional BBN epoch. 

Other potential problems (or opportunities!) are associated to the decay products and branching ratios of moduli. 
As with the CMP, these problems can be formulated both ‘generically? in terms of supergravity models without 
special structure in the couplings, and then refined in terms of the precise structures that arise within particular string 
compactifications. As with the CMP, the origin of all such problems is the requirement that reheating cannot lead 
to a universe that is significantly different than a radiation-dominated Hot Big Bang, in which almost all energy is 
contained in Standard Model degrees of freedom. 

In particular, if significant amounts of energy density are injected into degrees of freedom that are decoupled from 
the Standard Model, this may lead to significant cosmological tensions. The simplest example of this is an over- 
production of dark radiation — a possible additional relativistic contribution to the energy density which is decoupled 
from the Standard Model degrees of freedom. While today, after ten billion years of matter and dark energy domina- 
tion, such radiation would only contribute negligibly to the dynamics of the universe, in earlier epochs such radiation 
would significantly affect the expansion history. 

From observations of the CMB, we know that the early universe bounds the amount of additional ‘dark’ radia- 
tion that can contribute to the energy density. This is conventionally expressed in terms of a bound on the number 
of effective neutrino species; this reflects the fact that, after they decouple, the neutrinos free-stream as relativistic 
particles decoupled from the other Standard Model degrees of freedom, and so behave (effectively) as dark radiation. 
The magnitude of this limit can be expressed as [8]: 


ANew S 0.2. (241) 


Here Neg is the effective number of ‘extra’ neutrino species beyond those of the Standard Model. 

String compactifications contain many particles which could in principle constitute dark radiation, as they are both 
light and very weakly coupled to the Standard Model. One example is gauge bosons of unbroken dark sector gauge 
groups. These can arise either as hidden U(1)s present on ‘distant’ branes within D-brane constructions or alternatively 
from n-form potentials reduced on internal (n — 1)-cycles (e.g. Ai, = $: C3). Another type of particle with light and 


‘protected’ masses are chiral fermions belonging to matter sectors decoupled from the Standard Model. In models 
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of branes at singularities, these can arise from matter originating on branes located at distant singularities. Here, the 
chirality protects the mass of the particles while the geometrical separation ensures the weakness of couplings to the 
Standard Model and ensures that such particles will not thermalise with Standard Model degrees of freedom. 

However, in terms of dark radiation candidates within string theory, arguably the most appealing and universal 
particle candidates are axions or axion-like particles (ALPs) |454] [698]. Axions are U(1)-valued scalars: 
instead of the real line, they take values on a circle. They have a perturbative shift symmetry a; > a; + 27 fa, which 
ensures that the potential remains flat to all orders in perturbation theory. Here f, is the axion decay constant which 
specifies the radius of the U(1) circle and also governs the strengths of axion-matter couplings. As non-perturbative 
corrections are exponentially suppressed, it is natural (depending on the precise details of the compactifications) 
for ALPs to remain effectively massless, and in particular sufficiently light so as to be a good candidate for dark 
radiation. The shift symmetry also implies that axions must couple via derivative interactions, which implies that 
their interactions with the Standard Model are suppressed by their decay constant f, >> 1 TeV. For all these reasons, 
energetic relativistic axions produced in the early universe are likely to persist as a relativistic background until the 
present day (forming what has been called a Cosmic Axion Background [699] [700}). 

We aim to formulate the generic problem succinctly. In string theory, reheating tends to be driven by moduli with 
gravitational-strength couplings. Certain moduli (for example, the overall volume modulus or the dilaton modulus) 
tend to couple to all sectors of the theory in a broadly democratic fashion. However, as there could easily be hundreds 
of hidden-sector particles, democratic decays would likely result in too much energy going into axions or other hidden 
sector modes. The decay modes 

ġ — hidden, (242) 


may produce dark radiation at a level far above the observable limits. As moduli-dominated reheating is generic in 
string theory, this constitutes a generic problem (or opportunity!) for string models of reheating. 

This problem of excessive dark radiation is generic within string compactifications. If reheating originates from 
gravitationally-coupled sectors, it is hard to see why the fractional decay rate to non-Standard Model light hidden 
sectors should be close to zero: what makes the Standard Model sector special and preferred? 

To formulate this problem more precisely, and move beyond generic statements, requires actual vacua in which 
we can determine the longest-lived modulus, its mass, its couplings and its decay modes. Although the ‘visible sector’ 
in principle requires the actual Standard Model, even without a full Standard Model realisation in a compactification, 
toy proxies for a Standard Model can be used (for example, a D3-brane probing a Calabi- Yau singularity or a stack of 
D7-branes wrapping a divisor in the geometric regime) to allow for the calculation of decay modes to a ‘quasi-visible’ 
sector. 

As a consequence of its parametric scale separation, the Large Volume Scenario provides a clean environment in 
which the lightest modulus and its couplings can be determined. It is not surprising then, that in the context of LVS, 
this problem has been formulated especially sharply, starting originally with and then developed further on 
in (703) [704] [705] [706] 707 [708] [709] 422] (710) 444) AZT]. 

Focusing on LVS Calabi-Yau models where the overall volume is controlled by a single modulus, the lightest 
modulus is the overall volume modulus, which allows for a precise computation of the couplings and decay modes. 
These couplings are set by the relevant Kahler and superpotential terms. The superpotential terms drop out, as Kahler 
moduli such as the overall volume only appear in the superpotential non-perturbatively. The dependence of matter 
kinetic terms on the volume direction itself is given by 

1 
x ns g 
This follows from the modulus Kahler potential K = —2 In VY and the requirement that the physical Yukawa couplings 
in local models are determined locally and so must be independent (at tree-level) of the overall volume [695]. The 
self-couplings of the volume multiplet can be found from the Kahler potential 


K =-3In(T +T), (244) 


Kr? (243) 


where T is the superfield containing the volume modulus. This is equivalent to K = —2 In V when we restrict to only 
the overall volume mode. The resulting kinetic terms are 


3 3 
Lin = ae + jo 2 (245) 
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From Eq. we can read off the couplings of the volume modulus to its own axion. 

Assuming an MSSM-like local matter sector and no additional dark sectors, it was found in that there 
are two dominant decay modes: the decay ¢ — aa of the volume to the volume axion, and the decay ¢ —> HHz which 
proceeds via the Giudice-Masiero ji-term. The coupling to the axion is universal and after canonical normalisation 


takes the form [701] 


3 2 
L= i exp |- 3e) ô aða, (246) 
which gives a decay width 
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This axionic contribution to dark radiation is universal and unavoidable, as the volume axion is always present in the 
compactification, and at large volumes the couplings are entirely set by the tree-level Kahler potential. As well as 
these decays to the volume axion, the volume modulus can also decay to other light open- or closed-string axions 
present in the compactification [710,421]. 

Interestingly, all matter decay modes except the one proceeding via a Giudice-Masiero term 


ZH,,Hg 


K=---+ - vee). (248) 
(T, +T») 


2 
are suppressed by an (Moor /mg) < | factor, as the Kahler potential of Eq. (243) leads to a coupling 
g(OV"O + OV’O), (249) 


which is suppressed on-shell by a relative factor (Monim) compared to modes like Eq. pan. Note that in models 
where the visible sector is sequestered from the sources of supersymmetry breaking, also the decay of the volume 
mode into MSSM gauge bosons is suppressed since the tree-level gauge kinetic function is set by the dilaton. Mean- 
while, the Giudice-Masiero term gives a decay width 


3 
27? Mm, 
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very similar to the axion decay width of Eq. (247). 

Although some aspects are model-dependent (for example, the branching ratio to the Standard Model depends on 
the undetermined constant Z and would be enhanced for models with extended Higgs sectors), this calculation illus- 
trates the way in which moduli-dominated reheating is expected to produce dark radiation. Depending on perspective, 
this can be viewed either as a problem or an opportunity for such models. 

Another contribution to the volume mode decay into two Standard Model Higgs degrees of freedom h comes from 
moduli-dependent loop corrections to the Higgs mass [444]: 
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which, using Mgg ~ Mpı/V?}, induces the following couplings: 
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Clearly, the first coupling is irrelevant since it is suppressed by the Higgs mass. However the second coupling would 
give rise to a decay width that scales as 


4 
( Cloop ) Ea 
Thh z 


Z Hen) TV ysH,Ha ; (253) 
For models without sequestering (which requires the Higgs mass to be fine-tuned to be much lighter than its ‘natural’ 
value), Msoft ~ 13/2 > mg, "gn, dominates over I'y_.74,4, and P'gaa, guaranteeing the absence of any dark radiation 
production. On the other hand, in sequestered models, Mgon << mg, implying that Trh is subdominant with respect 
toT >H, Ha: 

In a phenomenologically realistic scenario, it is obviously critical that the amount of dark radiation produced does 
not exceed the observational bounds. One approach to achieving this is to enhance the modulus couplings to the 
visible sector. For example, in sequestered models, one may assume that Z > 1 or that actual BSM physics involves 
a large number of Higgs sectors which enhances the visible sector branching ratio purely on multiplicity grounds. 

Although it is fair to describe LVS as the most developed scenario for precise studies of reheating and dark 
radiation production, similar questions of dark radiation production have also been studied for other scenarios of 
moduli-stabilisation, for example see . 

Our discussion has mostly treated the existence of dark radiation from moduli decay as a problem to be expunged. 
However, one can also regard it as an opportunity to be seized. The electromagnetic interactions of photons imply that 
the photon surface of last scattering is the CMB, which dates from a time 380,000 years after the Big Bang. For axion- 
like particles, the similar surface of last scattering extends deep into the primordial epoch of the universe, reaching 
far earlier than the epoch of BBN. Indeed, one would expect that a typical axion-like particle produced from modulus 
decay would propagate to the present day without interacting once. If it were possible to detect these particles, they 
would give a direct probe of the universe at an exceedingly early period. Such a surviving background of relativistic 
dark radiation cosmic axions was called a ‘Cosmic Axion Background’ in and its phenomenology and detection 


possibilities studied in [717] ; 


5.5.3. Moduli-Induced Gravitino Problems 

As well as decays to axions or other massless particles, another potentially problematic channel for moduli decays 
is the decay mode to gravitini. If the lightest modulus has a mass my > 2m3/2, it can decay via the process ¢ > 243/2. 
If the modulus is gravitationally coupled and related to the superfield which broke supersymmetry (and thus generates 
the two spin-4 components of the gravitino in the super-Higgs effect), we expect it couple to the gravitino modes and 
so have a notable branching ratio to gravitini. 

This is true in both KKLT and racetrack stabilisation. For the case of the hierarchically small gravitino masses 


required to address the electroweak hierarchy problem, 


M 
Mg ~ In an) m3/2 > 3/2 , (254) 
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and so the gravitino can be treated as effectively massless compared to the modulus (as 3/2 ~ mg/30). However, it is 
not true for LVS, where the inverse hierarchy mg « m32 applies. 

The dangers of this decay channel were emphasised in [728], where it was dubbed the moduli-induced 
gravitino problem. The dangers arise as the gravitini are long-lived and such long-lived gravitini can cause several 
problems. In particular, they can interfere with BBN if they live long enough so that they decay after the start of BBN 
with a late injection of energy (effectively reintroducing the modulus problem). Another problem can arise with the 
dark matter abundance. If the gravitini are stable, as in gauge-mediated scenarios, then the decay can result in over- 
production of dark matter. However, even if unstable then the decay can result in an overproduction of the neutralino 
LSP. 

Building on the original work, further studies of the moduli-induced gravitino problem have been performed in 


[72973073 U7 32) (733) [734] (735) 1736) [73 A (738) [739} (740) [74 11742) (743) [744]. 
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5.5.4. Post-inflationary History and Predictions from Inflation 

As discussed in chapter [2| in inflation the predictions for the spectral tilt and the tensor-to-scalar ratio are deter- 
mined by the number of e-foldings N, between horizon exit of the CMB modes and the end of inflation. The quantity 
N- is determined by the so called ‘matching equation’ which is the condition obtained by tracking the evolution of the 
energy density of the universe from the time of horizon exit of the CMB modes to the present times (see e.g. [745]). 
Thus, inflationary predictions are sensitive to the post-inflationary history of the universe. As we have seen, in string 
models the presence of light moduli generically leads to a non-standard post-inflationary history involving epochs of 
moduli domination. This, in turn, affects the precise predictions and is crucial for obtaining the best fit regions for 


string inflationary models [746] . The analysis of integrates the CosmoMC analysis 


with Modechord [418] allowing for extraction of the best fit regions in the parameter space. 


5.5.5. Finite-temperature Corrections and Decompactification 

Reheating at the immediate end of inflation can produces an initial epoch of radiation domination with sev- 
eral particles in thermal equilibrium. Although this may subsequently be diluted by moduli, this generates finite- 
temperature corrections which in 4-dimensional string models can be a dangerous source of decompactification, see 


e.g [749] . This can be seen from the fact that thermal loops yield a moduli-dependent 
contribution to the scalar potential of the form (at 1- and 2-loop order): 


Vr ~ Tg +T?M2 
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where g? ~ TENi is the Standard Model coupling set by the modulus supporting the stack of branes which reproduce the 
visible sector, and Msoft < m3/2 is the mass of the supersymmetric particles running in the loop (we ignored ordinary 
matter since it would give rise to a subdominant contribution). 

As we have already seen, the KKLT potential scales as Vexir ~ m? „M 2 >, While the LVS potential scales as 
Vivs ~ m3 32 Mri: Given that Mso << m3;2 and T < Mp, the second term in i755} is always a small correction to 


the KKLT potential. This is true also in the LVS case since T < Mxx ~ Mp,/V~'” implies T’ M? r < M2 RUE 
M% [V9 < Viys ~ M3, /V? for V > 1. Hence the only dangerous term in (255) is the one proportional to T4 which 
would cause a runaway towards decompactification unless T4g? is subdominant with respect to the zero-temperature 
moduli potential. This problem can be avoided if the initial reheating temperature is below a maximal temperature 


given in KKLT by [750]: 


~ 


Tin < Tmax ~ ym2Mp ~ 10'' GeV for m3. ~ 10 TeV (256) 
and in LVS by [752]: 
4 
Tin < Tmax ~ (Mp Mpi) ~ 10°GeV for msp ~ 10TeV. (257) 


5.5.6. Baryogenesis and Moduli-Domination 

As we have seen, 4-dimensional string models are characterised by late-time epochs of moduli domination which 
end when the moduli decay, leading to a reheating temparature of order Tın ~ 0.1 mg y mg/Mpi. The actual value of Tp 
clearly depends on the lightest modulus mass mg, which in string models is correlated with the scale of supersymmetry 
breaking. As an illustrative example, consider LVS models with sequestered supersymmetry breaking which can lead 
to TeV-scale supersymmetry without a cosmological moduli problem. In this case my ~ M?! Me: 1/4 For Mon ~ 1 
TeV, we obtain my ~ O(10’) GeV which, in turn, leads to T,, ~ O(1 — 10) GeV. This rhesus temperature is 
clearly too low to allow for standard scenarios of baryogenesis like thermal leptogenesis or EW baryogenesis which 
require higher reheating temperatures (and so much larger moduli masses, incompatible with any form of low-energy 
supersymmetry). 

If we require (relatively) low-energy supersymmetry, a reheating temperature around Tia ~ O(1—10) GeV necessi- 
tates a non-thermal mechanism for baryogenesis. One interesting option is given by Affleck-Dine baryogenesis 
that exploits MSSM D-flat directions which carry a net baryon number. If lifted by supersymmetry breaking effects, 
they can acquire a non-zero VEV during inflation. After inflation, they first oscillate around the minimum and then 
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decay into fermions generating baryon asymmetry. Interestingly ref. has shown that in Kahler moduli inflation 
inflaton-dependent F-terms can induce tachyonic masses during inflation for these MSSM D-flat directions, creating 
the right initial conditions for Affleck-Dine baryogenesis. However, this mechanism has the problem of generating 
(in general) too much baryon asymmetry. Nevertheless, this can be avoided in string models where the initial baryon 
asymmetry is diluted by the decay of the lightest modulus which gives [757]: 


ta ATa( g) 
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where A is the soft trilinear A-term, ġo the initial modulus displacement and n,/s the baryon-to-entropy ratio. Inter- 
estingly, the values |A| ~ 1 TeV, mg ~ 10° GeV, Tn ~ 1 GeV and o ~ O(0.1 — 1) Mp), can naturally reproduce the 
observed baryon-to-entropy ratio ng/s ~ 10719. 


5.6. Non-thermal Dark Matter from String Theory 

Post-inflationary eras of matter domination driven by late-time decaying string moduli have strong effects on dark 
matter. We briefly discuss here how moduli domination can modify the standard picture of the two most promising 
scenarios for dark matter: TeV-scale WIMPs and the QCD axion. We also comment on the possibility to realise 
fuzzy dark matter from string theory using ultra-light axions. Finally we show how, in a given class of models, the 
underlying UV correlations between different aspects of string phenomenology can constrain the nature of dark matter. 


5.6.1. Non-thermal WIMPs 

Thermal WIMPs are arguably the most developed and best studied candidates for cold dark matter. In the standard 
paradigm they are assumed to be in thermal equilibrium in the early universe after inflation. Subsequently, dark 
matter drops out of thermal equilibrium and its abundance freezes out at a temperature of order Tf ~ mpm/20 Z 10 
GeV as annihilation becomes inefficient. This mechanism, even if it has been named the “WIMP miracle’, requires 
a very specific annihilation cross section. For example, in the Minimal Supersymmetric Standard Model (MSSM), 
neutralino dark matter candidates typically give too much (for Bino-like neutralinos) or too little (for Higgsino/Wino- 
like neutralinos) relic density. 

However, from the string theory point of view, many standard thermal dark matter scenarios seem very hard to 
achieve since the generic late-time decay of long-lived moduli typically erases any previously produced dark matter 
relic density. Dark matter is instead produced non-thermally from the decay of the lightest modulus at T,, 
[760) [761] [762) [706] [763) [764] [765] {766} [767] [768] 442| [744] [421]. The requirement to avoid any cosmological moduli 
problem and to obtain TeV-scale supersymmetry, typically yields stringy scenarios with Tgpn ~ O(1) MeV < Tm ~ 
O(1) GeV < Ty ~ O(10 — 100) GeV. 

Interestingly, non-thermal dark matter scenarios vastly enlarge the parameter space of particle physics models 
since the presence of an extra parameter, 7,,, in the determination of the dark matter relic abundance, can allow 
portions of the parameter space which would be ruled out in the standard thermal case. Let us now analyse this point 
in more detail. 

The abundance of any existing dark matter particle is diluted from the modulus decay by a factor which is at least 
of order (T/T)? that can easily be as large as 10°. Thus dark matter has to be produced from the modulus decay, 
which leads to a dark matter abundance of the form: 

th 
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where (annv) = 3 x 107%% cm? s7! is the value of the annihilation rate needed in the thermal scenario to reproduce 


the observed dark matter abundance: 


1 GeV 
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Ys = 3Tm/(4mọ) is the yield factor associated to the dilution due to the entropy released by the modulus decay, and 
Brpm denotes the branching ratio of the modulus decays into R-parity odd particles which decay to dark matter. 
Depending on the annihilation cross section and the reheating temperature, two scenarios arise: 
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1. Annihilation Scenario: 


In the Annihilation Scenario the dark matter particles produced from the lightest modulus decay undergo some 
annihilation. This is described by the first term on the right-hand side of eq. (259). This mechanism occurs 
when 
hf Tt 
(TannV)t = (Tann Vf me (261) 
Th 
Given that 7,, < Tt, the Annihilation Scenario can match the observed dark matter abundance only if (Wannv)¢ > 
(Tanny) as in the case of Higgsino-like neutralinos which, due to their large annihilation cross section, tend in- 
stead to be underproduced in the standard thermal case. On the other hand, non-thermal production of Higgsino- 
like neutralinos from moduli decays can also yield the correct dark matter relic abundance for masses as low as 


a few hundreds of GeV [763 . 


2. Branching Scenario: 


In the Branching Scenario the final dark matter abundance is the same as the one produced from the lightest 
modulus decay since the residual annihilation of dark matter particles is inefficient. This mechanism is hence 
described by the second term on the right-hand side of eq. (259). Clearly, this can happen if 


Te 
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This condition is always satisfied when (O annV»}f < (Tan) as in the case of Bino-like neutralinos which instead 

tend to be overproduced in the standard thermal scenario due to the smallness of their annihilation cross section. 

Clearly, the Branching Scenario could be realised also for (Canny) > (Tann v)” if T/T; is very large. 


5.6.2. QCD axion 

First of all, let us stress that QCD axion models are UV sensitive (as they rely on a symmetry or periodicity to 
protect the axion potential against corrections raising the axion mass) and so any construction of these models can be 
trusted only by embedding them in a complete UV theory where it is known that the symmetry is maintained (e.g. 
string theory). 

In the context of field theory models of the QCD axion, where the axion arises as the phase of a scalar field that 
breaks a U(1)pg symmetry, this UV sensitivity can be seen through the so-called axion quality problem which is 
related to the fact that Planck-suppressed higher-dimensional operators with O(1) coefficients would make the QCD 
theta angle shift away from the vanishing value set by the standard QCD axion potential [769] [770] [771]. This can be 
seen schematically as follows: in the simplest QCD axion model ® = pe" is charged under the U (1)pg symmetry 
which is spontaneously broken by (po) = focp + 0 and # = a/ focn is the pseudo-Goldstone boson playing the role of 
the QCD axion. Its potential is generated by QCD instantons and scales as 


V = Abcp 


> (263) 
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which features clearly a minimum at (a) = 0, solving the strong CP problem. However higher-dimensional Planck- 
suppressed operators would tend to regenerate a non-zero effective QCD theta angle since 
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would be sudominant with respect to for focp = 10!? GeV (the preferred value to reproduce the observed dark 
matter relic abundance without any tuning) only for n = 14. 

One appealing aspect of string models of axions is that string theory naturally provides symmetries which forbid 
dangerous corrections to axion masses. When the QCD axion is realised as a closed string mode, it inherits geometric 
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properties from the extra-dimensional compact manifold. The gauge symmetry associated to the higher-dimensional 
p-form whose reduction on an internal p-cycle gives the axionic mode descends to give the exact non-perturbative 
shift symmetry that protects the axion mass against large perturbative corrections. On the other hand, when the 
QCD axion instead occurs as the phase of an open string mode, this symmetry can be one of the effective global 
U(1)’s which are typical of D-brane constructions. The resulting symmetries are exact as discrete symmetries, but 
as continuous symmetries they are broken by non-perturbative effects. For recent discussions of the axion quality 
problem see [772] [773]. 

Another effect of string theory on axion physics is that moduli decays can dilute the QCD axion dark matter 
produced from the standard misalignment mechanism which leads to a relic abundance of the form: 


Qecp fao V“ š 
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Clearly, for natural O(1) values of the initial misalignment angle 6;,, the axion decay constant cannot be larger than 
focp < 10!* GeV. However this upper bound can be pushed to larger values in the presence of a late-time epoch 
of moduli domination if the moduli decay after the formation of the QCD axion condensate. This can happen if the 
reheating temperature from the decay of the lightest modulus is below the scale of QCD strong dynamics, 1 MeV < 
Tin S Agcy ~ 200 MeV. As shown in (774) [775], the new expression for the QCD axion relic abundance becomes: 
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Thus reheating temperatures close to BBN (as Tin ~ 5 MeV) can enlarge the typical axion window 10° GeV < 
foco < 10!? GeV, allowing for focp ~ 5 x 10!4 GeV without the need to tune the initial axion misalignment angle. 
This dilution mechanism is particularly important for models where the QCD axion decay constant is relatively large. 
A study of distributions of axion decay constants in the string landscape is [776]. 


5.6.3. Fuzzy dark matter 

Another interesting scenario is fuzzy dark matter where dark matter is made of ultralight axion-like particles 
[780]. The best candidate to realise fuzzy dark matter is an axion with mass around 107? eV and 
decay constant f ~ 10!6+17 GeV since the wave nature of such a particle can suppress kpc scale cusps in dark matter 
halos and reduce the abundance of low mass halos [781] [778] [779]. Regardless of the relevance of fuzzy dark matter 
to solve these observational problems (whose actual origin is under debate), it is interesting to focus on fuzzy dark 
matter since it has been claimed to arise naturally from string theory due to the smallness of its mass and the largeness 
of its decay constant. 

Ref. analysed fuzzy dark matter from string theory studying how moduli stabilisation affects the masses and 
decay constants of different axions in type IIB compactifications. The result is that matching the whole observed dark 
matter abundance without tuning the axion initial misalignment angle is not a generic feature of 4-dimensional string 
models since it requires a slight violation of the weak gravity conjecture applied to axions. This can be easily seen as 
follows in the case of a single axion with Lagrangian: 
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where f is the axion decay constant and S the instanton action. The axion mass for the physical axion ¢ = f@ is then 
given by 


m, = Aes Fe (268) 
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Table 5: Bounds on S f for different classes of closed string axions. V is the Calabi- Yau volume in Einstein frame, gs is the string coupling and M 
is a flux quantum number in the throat. 


Given that a GUT scale decay constant implies that the Peccei-Quinn symmetry is broken before inflation, the fuzzy 
dark matter abundance produced from the misalignment mechanism can be expressed as [454]: 
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where Omi € [0, 27] is the initial misalignment angle. Assuming natural initial conditions, 6mi ~ O(1), 100% of dark 
matter is therefore reached for mg = 107? eV and f ~ 10!” GeV. Substituting these values in (269, for natural O(1) 
values of the prefactor A, one obtains S f ~ 10 Mp, which requires a slight violation of the WGC bound S f S Mp, 
(455) [783] {784}. 

Ref. considered the case of C4 axions, C axions and thraxions [785]. The results for S f are summarised 
in Tab. [5]and Fig. [25|shows the predictions confronted with present and forthcoming observations for an O(1) initial 
misalignment angle and different values of the microscopic parameters which lead to a controlled effective field theory. 
The outcome is that the best candidates to realise fuzzy dark matter in string theory are C2 axions and thraxions, and 
to some extent also C4 axions in certain limits. 
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Figure 25: Predictions for the mass and total dark abundance of C4 axions (blue stripe), C2 axions (light blue stripe for ED3/ED1 effects, dark/light 
green stripe for ED1 effects in LVS/KKLT), and thraxions in LVS (sand stripe). The results are compared to current and future experimental 
bounds. Figure taken from [782]. 
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5.6.4. Dark Matter and the Interplay between Inflation and Post-Inflation 

So far, we have discussed different aspects of string cosmology in a somewhat separate manner. However, one 
of the main features of any UV embedding is the presence of correlations among different physical phenomena like 
inflation, supersymmetry breaking, reheating, dark radiation and dark matter. This non-trivial interplay can leads to 
distinct predictions in the context of certain scenarios. 

The implications of this interplay for most string models have not been explored in depth yet since this study 
requires a thorough control over moduli stabilisation, the underlying Calabi- Yau geometry and an explicit realisation 
of the Standard Model. The first attempts in this direction have been mainly performed within LVS string models of 
inflation where the inflaton is a Kahler modulus and the visible sector is realised either on D3-branes at singularities 
or on D7-branes wrapped around divisors in the geometric regime. We therefore focus on the LVS class of string 
inflationary models to illustrate how the interplay between different physical constraints can lead to precise predictions 
for the origin of dark matter. 


e Fibre Inflation with visible sector on D7-branes: 


We first mention Fibre Inflation with the visible sector living on a stack of D7-branes wrapped around 
the inflaton divisor Tgbre = Re(T spre) (similar considerations apply also to the case where the D7-branes wrap 
a blow-up mode). In this case, the overall volume is controlled by two divisors, V = -YTfibreTbase. Matching 
the amplitude of the density perturbations fixes V ~ 10° which, in turn, gives a rather high inflationary scale, 
Hing ~ Mp, [V>/3 ~ 10'3 GeV. Given that D7-branes do not lead to sequestering, the soft terms are of order the 
gravitino mass and tend to be very high, Myon ~ m3/2 ~ Mpi/V ~ 10° GeV. Due to this high value, WIMP 
neutralino dark matter cannot work since it would lead to an overproduction both in the thermal and in the 
non-thermal case. Hence R-parity has to be broken and the lightest supersymmetric particle has to be unstable. 
Another potential dark matter candidate is the QCD axion which in this scenario is naturally reproduced by the 
closed string mode Im(T tre) = Gocp/facp with a large decay constant focp ~ Mp, /V?P ~ 10!6 GeV. Since 
Joco > Hing, the QCD axion is a flat direction during inflation and acquires large isocurvature fluctuations that 
are in tension with the present bound 


_5{ Qpm 
Hing < 10 i 
Qecp 
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where Oin is the initial misalignment angle, Opm is the observed dark matter relic density and Qgcp is the QCD 
axion abundance given by G55}, For foco ~ 10!6 GeV, Qecp ~ Qpm for Gin ~ 0.01. Substituting these 
values in (271) would give Hint < 10° GeV which is clearly in contradiction with the fact that in Fibre Inflation 
Hine ~ 10? GeV. This implies that the QCD axion can form only a tiny fraction of the dark matter abundance. 


Another option is fuzzy dark matter from the ultralight ALP Im(Tpase) = Gacp/fatp. However also this ALP 
has a very large decay constant farp ~ Mp I/v” 3 ~ 10!©GeV > Hing which creates a tension with current 
isocurvature bounds. In fact, the ALP contribution to dark matter is given by which can give Qarp ~ Qpm 
for marp ~ 107” eV and in ~ 2. Substituting these values in would give Hing < 10!! GeV which is 


again in contradiction with Hing ~ 10! GeV for Fibre Inflation. Hence also fuzzy ALP dark matter can at most 
account for 1% of dark matter. 


The remaining options to realise dark matter in Fibre Inflation with visible sector on D7-branes seems therefore 
to be dark glueballs on a hidden sector wrapping a blow-up mode [[786] [787], or primordial black holes (PBH). 
Ref. has shown that the inflationary potential features enough tuning freedom to induce a near inflection 
point where an epoch of ultra slow-roll can enhance the amplitude of scalar fluctuations. This leads to PBH 
formation at horizon reentry in a way compatible with PBHs accounting for the whole dark matter abundance. 
Interestingly, this mechanism yields also the production of secondary gravity waves which might be observable 
in future interferometers [424]. 


Note that this scenario features two potentially dangerous ultra-light axions, the QCD axion Im(7 pre) and the 
ALP Im(Tpase), that could cause dark radiation overproduction from the inflaton decay. This is however not the 
case since the dominant branching ratio is the one associated to the inflation decay into the visible sector due to 
decays to gauge bosons and to Higgses via the enhanced loop-induced coupling in (252h. Hence in this 
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model Neg is in practice indistinguishable from its Standard Model value. Moreover, the reheating temperature 
from the inflation decay is Tia ~ 10!” GeV, leading to N, ~ 53 e-foldings of inflation required to solve the 
horizon problem. 


Fibre Inflation with visible sector on D3-branes: 


Let us now consider Fibre Inflation with the Standard Model realised on D3 branes at a singularity obtained by 
shrinking down an exceptional del Pezzo divisor Typ. This case has been studied in [421]. Even if supersym- 
metry breaking is sequestered, the soft terms are still too high to allow for either thermal or non-thermal dark 
matter neutralino since Myon Z m? 2 /Mp; ~ Mp, /V2 ~ 10!! GeV. The model features two potential candidates 
for fuzzy dark matter, given by the two ultra-light ALPs Im(Tʻîbre) and Im(Tbase). However their decay constant 
is again rather high, farp ~ Mp/V7/? ~ 10'° GeV, implying that isocurvature bounds prevent them to form 
100% of dark matter. 


A promising dark matter candidate in this case is given instead by the QCD axion realised as the phase Ŷ of an 
open string mode y = p e? living on the D3-brane stack at the del Pezzo singularity. Its decay constant is set by 
the VEV of p which appears in the D-term potential: 


Tap 
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This relation fixes a combination of p and Tap which is given mainly by the del Pezzo divisor whose axionic 
partner is eaten up by an anomalous U(1) [150]. The radial part of y is then stabilised by supersymmetry 
breaking contributions which scale schematically as: 


V~tmp’?+Ap’, (273) 


where mo is the soft scalar mass and A the soft trilinear coupling. If yg is non-tachyonic, (9) = O which, in turn, 
fixes Tap = 0 at the singularity without any axion left over. However, if y is tachyonic, its radial part acquires a 


non-zero VEV of order: ; 


mM 11 
foco = (p) ~ x ~ Myo, Z 10°° GeV. (274) 


This mass scale lies exactly in the right window for QCD axion dark matter. Moreover, given that focp ~ 
10!! GeV < Hint ~ 10! GeV, the Peccei-Quinn symmetry is unbroken during inflation, and so the axion is not 
constrained by any isocurvature bound. Note that, substituting in would give Tap ~ V°? < 1, with 
the blow-up mode still in the singular regime. 


In this model, reheating is driven by the perturbative decay of the inflaton fibre modulus Tfibre whose main decay 
channels are into the open string QCD axion #, the two closed string ALPs Im(Tfpre) and Im(Tpase), and the 
Higgses of the MSSM. The 3 axionic degrees of freedom contribute to extra dark radiation which can be avoided 
only in the presence of a relatively large Giudice-Masiero coupling Z = 3 since the loop-induced inflaton-Higgs 
coupling is in this case subdominant due to sequestering [421]. The relevant contribution to the Kahler 


potential is: 
H,H, 
Koz — , (275) 
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which can induce an inflaton-Higgs coupling only if 2 # 1/3, as suggested by explicit toroidal computations 
[788], otherwise the denominator in (275) would just be a function of the overall volume, implying an effective 
decoupling of the inflaton from the Higgs [707]. The final reheating temperature is around Tn ~ 10!° GeV 


which requires N, ~ 52 e-foldings of inflation. 


Kahler Moduli Inflation with visible sector on D7-branes: 


Let us now consider Kahler Moduli Inflation where the Hubble scale during inflation is lower, Hing ~ 108 GeV. 
We focus on cases where the Standard Model lives on D7-branes which can wrap the inflaton divisor or another 
blow-up mode which does not intersect with the inflaton [440]. Let us consider 3 cases separately: 
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1. Inflaton cycle not wrapped by any D7-stack: This case has been studied in [444]. The inflaton blow-up 
mode Ting is wrapped just by a Euclidean D3-brane instanton and the Standard Model lives on D7-branes 
wrapping a blow-up mode Tsm which does not intersect with Tint. The closed string axion Im(Tsm) plays 
the role of the QCD axion with a decay constant set by the string scale, foco ~ Ms ~ Mp)/ vv ~ 105 
GeV, since V ~ 10° in Kihler Moduli Inflation. In this case the QCD axion is a viable dark matter 
candidate which can satisfy present isocurvature bounds. In fact, from (265) we realise that Qgcp ~ Qpom 
for 6, ~ 0.02. Substituting this result in 271}, implies Hing < 2 x 10° GeV which is marginally in 
agreement with the inflationary scale of Kahler moduli inflation. Note again that neutralino dark matter 
would not work due to the high scale of the soft terms, Myo, ~ Mp,/V ~ 10!! GeV. 


Let us now focus on dark radiation production. Even if the volume mode is the lightest modulus, it 
decays before the inflaton for two reasons: (i) its loop-enhanced coupling to the Higgs which is 
the dominant coupling since Msoft ~ m3/2 for D7-branes; (ii) the inflaton geometric separation from the 
Standard Model suppresses its coupling to visible sector gauge bosons. Therefore reheating is driven by 
the decay of the inflaton modulus whose main decay channels are into: the volume mode Tpig and its 
axionic partner Im(Tyj,), the blow-up mode supporting the Standard Model Tsm and its axionic partner 
Im(Tsyy), and visible sector gauge bosons A. Subsequently, Tpig decays into A and Im(Tbpig), and Tsm 
decays into A and the QCD axion Im(7sm). The final prediction for extra dark radiation is very precise, 
ANeg = 0.14, and within current observational bounds. 


2. Inflaton cycle wrapped by the SM D7-stack: This case has been considered in [439440] [443]. The SM 
lives on D7-branes wrapped around the inflaton divisor Tint whose axionic partner Im(T;nt) can be the QCD 
axion with focp ~ 10!° GeV. This closed string QCD axion can form 100% of dark matter in agreement 
with present isocurvature bounds, similarly to the previous case. As far as reheating is concerned, Ting 
decays before the volume mode Tpig which decays mainly into Standard Model Higgs degrees of freedom 
via the loop-enhanced coupling (252h. This guarantees the absence of extra dark radiation. Neutralinos 
need again to be unstable otherwise they would overproduce dark matter. 


3. Inflaton cycle wrapped by a hidden D7-stack: This case has been studied in [442]. The inflaton divisor 
Ting iS Wrapped by a hidden D7-stack and the Standard Model is built on D7-branes wrapping another blow- 
up mode Tsy which does not intersect with Tint. This case is particularly interesting since it can lead to 
the correct abundance of super-heavy neutralinos with mass of order mpm ~ Msoft ~ 3/2 ~ 10!!! Gey 
thanks to two effects: (7) the initial production of neutralinos from the inflaton decay is tiny since the infla- 
ton decays mainly into hidden sector degrees of freedom due to the geometric separation between Ting and 
Tsm; (ii) the decay of the volume mode dilutes the neutralinos produced from the inflaton decay without 
being able to reproduce them since m., < Mpm. Such a super-heavy dark matter candidate is particularly 
interesting since statistical studies of the supersymmetry breaking scale in the landscape seem to prefer 
higher scales of supersymmetry breaking (see however the recent results obtained in [[791]). 
Moreover, if exponentially suppressed R-parity violating couplings are induced by non-perturbative ef- 
fects, the decay of a dark matter particle with mpm ~ 10!°-!! GeV could explain the recent observation of 
ultra-high-energy neutrinos by ANITA [792] [793]. Dark radiation overproduction is again avoided thanks 
to the loop-enhanced volume-Higgs coupling (252). 


e Kahler Moduli Inflation with visible sector on D3-branes: 


In Kahler Moduli Inflation the visible sector can also be realised on D3-branes at singularities with sequestered 
supersymmetry breaking. This model has been studied in [709]. In this case the 
soft terms can be around the TeV scale, Mot ~ Mpi/V2 ~ O(1 — 10) TeV for V ~ 10’, and so neutralinos 
are promising dark matter candidates. Their production mechanism is however non-thermal since reheating is 
driven by the volume mode decay with Tin ~ O(1) GeV. Dark radiation overproduction from the volume mode 
decay into ultra-light bulk axions can be avoided for relatively large values of the Giudice-Masiero coupling 
Z = 2. The decay of the volume mode dilutes standard thermal neutralinos since Ty, < Ts ~ mpy/20 for 
mpm 2, O(10) GeV. The dark matter production mechanism is the Annihilation scenario and the WIMP is a 
Higgsino-like neutralino with mpm ~ 300 GeV for the cMSSM and, more in general, 300 GeV < mpm Í 
850 GeV for any supersymmetric model with a Higgsino LSP [767]. 
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Scalar Without gravity With Gravity 


Complex Q-Balls (Mini) Boson Stars 
Real Oscillons Oscillatons 


Table 6: Summary of different solitonic configurations from moduli fields. 


An interesting observation emerges from this classification of dark matter candidates in LVS inflationary models: 
standard dark matter particles like TeV-scale WIMPs (even if non-thermal) and a QCD axion with an intermedi- 
ate scale decay constant correlate with sequestered supersymmetry breaking and a slight tension with dark radiation 
overproduction (which requires a Giudice-Masiero coupling larger than unity), while non-standard dark matter can- 
didates like primordial black holes, superheavy WIMPs or a QCD axion with a large decay constant correlate with no 
sequestering and in practice no dark radiation production due to the loop-enhanced volume coupling to Higgses. 

A crucial task for string cosmology is to extend this investigation more in general to understand how the com- 
bination of UV correlations and different requirements like matching the observed amplitude of primordial density 
perturbations and dark matter abundance, isocurvature and dark radiation bounds together with supersymmetry break- 
ing patterns, can constrain classes of models and single out different dark matter candidates. 


5.7. Oscillons and Moduli Stars 


The ubiquity of scalar fields in string theory makes it natural to consider the implications of moduli domination 
as previously discussed. There is another generic aspect of scalar field potentials that may be very relevant in string 
theory, namely the possibility of having non-trivial solitonic configurations from moduli fields. Derrick’s theorem 
states quite generally that energetic arguments make it impossible to obtain localised time-independent solutions of 
the Klein-Gordon equation. However, time-dependent solutions are allowed. In the case of a complex scalar field, 
the U(1) symmetry makes it possible to find stable stationary solutions with the phase of the scalar being linear in 
time: the Q-Balls found by Coleman are the standard examples of non-topological solitons for which the solution 
is supported by the self-interactions of the scalar field || The non-linearities of the field equations prevent the fast 
dispersion of these localised configurations, giving rise to stable or long-lived compact objects that, if produced in the 
early universe, may lead to potentially observable effects such as gravitational waves. If the system is supported by 
gravity rather than the self-interactions of the scalar field, then the configuration is known as a boson star or oscillaton 
and is a solution of the Einstein-Klein-Gordon equations. 

Contrary to standard stars in which pressure from internal nuclear fusion compensates the action of gravity to 
sustain the system, in boson stars this role is played by the Heisenberg uncertainty principle, AxAp > h/2 with 
Ap = m for a boson of mass m and Ax = Rmin With Rmin the minimum radius, R > 1/m then prevents the system from 
collapsing. In this case there is a maximum mass Mmax determined from the expression for the Schwarzschild radius 
Rs = 2GM so Mmax ~ M3, /m. This is different from fermionic stars for which Rmin ~ Mpi |m} and Mmax = M3, |m 
with mç the mass of the fermion. Since the typical mass of a boson star is much smaller than that of a fermion star 
they are usually called mini-boson stars. For particular cases in which the scalar self-interactions are relevant (like in 
a quartic scalar potential) the maximum mass of a boson star would be of the same order as a fermion star. In this case 
the star is simply called a boson star. 

For real scalar fields, long-lived quasi stable solutions have also been found, known as oscillons, depending on 
the self-interactions of the scalar field. If gravity is responsible for sustaining the compact system then these solutions 
are called oscillatons. See Tab. [6|for a summary. For a recent review of oscillons and oscillatons including the many 
references to the original work and other reviews, see [794]. 

Let us start briefly reviewing the conditions for oscillon formation of a field ¢ with potential V(¢). The field starts 
oscillating at a value ģinit around its minimum at fn. The Fourier modes of the perturbations 6¢; are determined by 


46Non-topological solitons differ from standard topological solitons, like kinks, vortices or skyrmions, where stability is guaranteed by the 
conservation of a topological charge. For non-topological solitons, the conserved charge is rather a Noether charge. 
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the equation 


2 


Ody + 3H6d, + (a5 + von} Ody = 0. (276) 
a (t) 


If the perturbations 6¢ grow enough as the field oscillates around its minimum such that the non-linearities of the 
potential become important and the potential is shallower than quadratic (meaning that the interaction terms are 
attractive and compete with the mass term) then oscillons can be formed. 

Typically this happens for the standard quartic potential that we can write in the form: 


ronnan ERE oe) +] an 


Written in this way we identify ¢ ~ A as the scale for which the interaction terms compete with the mass term. This 
means 2 ~ m?/A, g ~ m*/A?. In the simple symmetric case 2 = 0 the potential is shallower than quadratic if g < 0, 
which means an attractive interaction. If the field starts oscillating at a value of ø ~ A the non-linearities in the 
potential allow for the formation of oscillons of mass M = A? /nf"|and size R ~ 1/m. Comparing this radius with the 
Schwarzschild radius Rs ~ M /M>, we can see that gravity becomes relevant for R ~ Rs which implies A ~ Mp. 


MC) 


Pinal Pinitial 


Figure 26: Non-linear effects giving rise to oscillons. 


Neglecting gravity (A « Mp) oscillons can be formed by tachyonic reheating with tachyonic oscillations for 
which the homogeneous field starts oscillating in the region where V” < 0 (since the term tachyonic) and then the 
modes for which a + V’’(f(t)) < 0 will grow exponentially as it can be seen from the equation for the perturbations. 

A second source for exponential growth of perturbations is parametric resonance for which the perturbation 
frequency w? = k*/a* + V” varies non-adiabatically (|@/w?| << 1 is violated). 

It is natural to ask if the scalar potentials computed from string compactifications such as KKLT and LVS models 
allow for the existence of oscillons and/or oscillatons. This has been done for oscillons in where it was found 
that oscillons can be formed in KKLT scenarios, as well as for blow-up modes in the LVS scenario. For KKLT 
the mechanism is parametric resonance whereas for blow-up modes the mechanism is tachyonic oscillations. Large 
moduli, like the volume modulus or fibre moduli do not give rise to oscillons. For KKLT and blow-up modes the 
spectrum for gravitational waves was computed and found to be substantially different in both cases. In principle, 


47Note that the mass of the corresponding star is inversely proportional to the mass of the underlying particle, an interesting duality, and therefore 
the range of masses covers many orders of magnitude, from microscopic objects to macroscopic ones. Their stability is related to the stability of 
the corresponding particle. 
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gravitational waves (GW) could allow us to hear the shape and size of the extra dimensions by measuring the GW 
spectrum. However, the frequencies obtained naturally fall in the Giga Hertz regime, far beyond the reach of Earth 
interferometers such as LIGO and VIRGO and any future experiments which probe frequencies below the kilo Hertz 
(and also outside the range of LISA or future space interferometers which will probe even smaller frequencies). 
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Figure 27: 3D modelling of oscillons for KKLT and blow-up in LVS. 


Such stringy oscillons are one of a large number of potential sources of gravitational waves of ultra high frequen- 
cies (UHF-GWs) at MHz range and above. Other sources are cosmic strings, phase transitions, preheating, boson 
stars, etc. Essentially, every model beyond the Standard Model may predict sources of GWs at high frequencies, 
with higher-energy processes giving higher frequencies (a rough rule of thumb is that GUT scale energies 10!’ GeV 
correspond to GHz frequencies). Furthermore, usually the higher the frequency the smaller the potential experiment 
to detect them. However, the required sensibility (measured by the strain of the spectrum) increases with energies and 
therefore it is more challenging to detect them. On the other hand, contrary to lower frequencies, there are no standard 
astrophysical sources at such frequencies and therefore any observation would imply either exotic astrophysics or 
a stochastic background of GWs with cosmological origin, hinting at physics beyond the Standard Model and early 
universe cosmology [795]{796]. This opens-up an interesting new challenge towards devising ways to search for UHF- 
GWs (for a general discussion see [797]; it is worth noticing that, even though there are many sources of UHF-GWs, 
it was the study of string cosmology that gave rise to this initiative). 

For boson stars/oscillatons there is also the possibility that the inhomogeneities collapse to black holes. A full 
study of the Einstein-Klein-Gordon equations needs to be studied and recently developed codes for numerical relativ- 
ity, such as GRChombo [798], have been used to explore potentials like KKLT and LVS but also potentials appearing 
in axion monodromy. The growth in the energy density may lead in some cases to gravitational collapse and the 
production of primordial black holes. This is an interesting avenue of string cosmology that is only starting to be 


developed [799] 801]. 


5.8. Cosmic Strings and Superstrings 


String theory is normally regarded as a theory of small scales and early times. However, there is one potential 
enormous exception to this: the possibility of a network of fundamental cosmic superstrings (or D1-strings) that stretch 
across the sky. For a long time, cosmic strings were regarded alongside inflation as one of the leading candidates 
to explain the origin of structure; in a field theory they have a natural origin as topological defects formed during 
processes of symmetry breaking in the early universe (as first described by Kibble in the 1970’s BoE] Cosmic 
string were also appealing as a possible source of structure in the universe [804]. Although observations of 


48 One of the authors (JC) would like to note here that the town he lives in, Didcot, has streets named after Dirac, Higgs and Kibble. 
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Figure 28: Spectrum of GWs for KKLT and blow-up modes in LVS. Even though in both cases the gravitational waves are in the Giga Hertz range, 
the spectrum is different for different fields and scenarios. In principle potential observation of high frequency gravitational waves can differentiate 
among different scenarios. 


acoustic peaks in the CMB subsequently disfavoured cosmic strings as the primary source of structure in the universe, 
cosmic string networks could still exist at a subdominant level (CMB bounds on cosmic strings are described in [805}). 

Cosmic strings are, by convention, parametrised by a tension Gu (with c = 1 and G Newton’s constant; although 
we normally use Mp in this review, here we conform to the standard convention for cosmic strings). Cosmic strings 
lose energy through radiation of gravitational waves and other light particles, forming a cosmic string network charac- 
terised by a scaling solution. These scaling solutions maintain a constant fraction of energy density in string relative 
to the overall universe during both matter and radiation epochs, with 


Pstring = A Gu Ptotal, (278) 


where 4 is an O(1 — 10) constant whose precise values depends on the detailed description of the network, and the 
possible energy loss channels. This is a complicated numerical problem (e.g. see [806] for an older review and [807] 
for more recent work). Observational bounds from potential modifications of the CMB power spectrum constrain 


Gu < 1077. (279) 


The possibility of a cosmic string network consisting of fundamental strings was first considered in with a 
negative conclusion: observational bounds on the tension of cosmic strings are incompatible with ms, ~ Mp (and 
hence u ~ G"!), and in the heterotic models then in vogue it is not possible to decouple the string and the Planck 
scales. 

This conclusion has had to be revisited with the development of scenarios in which the fundamental string scale 
can be much less than the 4-dimensional Planck scale (such as in warped compactifications or in large volume com- 
pactifications such as LVS). For such models, there is no kinematic difficulty with the constraint Gu < 1077: this 
bound is automatically satisfied in phenomenologically appealing versions of these scenarios. 

Although this greatly ameliorates the kinematic constraints on the existence of networks of fundamental cosmic 
superstrings, one still needs a dynamical production mechanism. The most appealing such mechanism is brane- 
antibrane annihilation at the end of a period of brane inflation, which can lead to the formation of both D1-branes (i.e. 
D-strings) and fundamental strings, as discussed in [534]|681]. Cosmic string networks can only survive if the strings 
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Figure 29: Different sources of high frequency gravitational waves and the experimental constraints. Taken from [797]. 


are themselves stable and do not immediately fragment or decay; a detailed analysis of such stability questions for 
cosmic superstrings is [535). 

Cosmic strings are appealing both as a possible subdominant contribution to the energy density of the universe 
and also as possibly the sole available opportunity for the direct discovery of classical macroscopic fundamental 
strings. For further details, we refer the reader to the excellent dedicated reviews of cosmic strings and their properties 


806) |682)|809). 


110 


6. Dark Energy 


As we discussed in Sec. one of the most striking discoveries from the last century was the observational 
discovery of late-time cosmic acceleration from Type IA Supernovae (SN Ia) [810] [811]. This discovery represents 
one of the major puzzles of modern physics; its cause is generally dubbed dark energy, whose fundamental nature 
is still a mystery. According to observations, about 70% of the energy density of the universe today consists of 
this unknown dark energy component. This has also been confirmed by other observations — e.g. through Cosmic 
Microwave Background (CMB) or Baryon Acoustic Oscillations (BAO) (however, see for a 
dissenting view). 

Dark energy is characterised by an equation of state (see Sec. [2p 


WDE = PDE/PDE , with wpe < -1/3. (280) 


Present observations suggest that the current energy density of dark energy is ppg ~ 107! M4 


pp With an equation of 
state parameter given today by [8]: 


WDE,0 = —1.03 + 0.03. (281) 


The simplest candidate for dark energy, consistent with current data and used in the ACDM cosmological model, 
is a pure cosmological constant, A, with wpg = —1. The cosmological constant can arise from the vacuum energy in 
particle physics, but the naive theoretical expectation for this is about 120 orders of magnitude larger than the observed 
value [815]. To explain the extremely fine-tuned value of the cosmological constant, one possibility is to appeal to 
anthropic arguments [816] [817], whose recent resurgence is motivated by the string theory landscape [56]. 

An alternative possibility is that the cosmological constant actually vanishes for reasons yet to be understood, 
calling for an alternative mechanism to explain the origin of dark energy. The observations that constrain the value 
of wpg today to be close to minus one (the value for a pure cosmological constant) say relatively little about its 
time evolution (see [8] for constraints on a time-dependent equation of state parameter, using the phenomenological 
parameterisation w = wo + (1 — a)wa). So we can consider a situation in which the dark energy equation of state 
parameter changes with time, similarly to what happens during early universe inflation. As scalar fields naturally arise 
in supergravity and string theory, there are plenty of potential candidates for dark energy. Indeed, as we will see, many 
of the ideas discussed in Sec. [2.3]to explain cosmic inflation from string theory can also be applied to the late-time 
cosmic acceleration. On the one hand, as only around a single e-folding of accelerated expansion is needed for dark 
energy, compared to 60 e-foldings for inflation, constructing models of dark energy is easier. On the other hand, as 
dark energy is active today, it is constrained more strongly by experiments and observations as well as by theoretical 
challenges as discussed in Sec. [2.5] 

We now consider recent developments using these two approaches to explain the current accelerated expansion of 
the universe within the context of string theory and string-inspired constructions[®] 


6.1. Dark Energy as Vacuum Energy 


In this section we review the cosmological constant problem and the order of magnitude estimates of the vacuum 
energy. We then describe how the string theory multiverse, using eternal inflation to populate it, has the potential 
to solve the cosmological constant problem, providing a (controversial) framework in which the fine-tuning of the 
vacuum energy is explained via anthropic arguments. Finally, we discuss the main questions that this paradigm leaves 
open. 


6.1.1. The cosmological constant problem 
The modern formulation of the cosmological constant problem actually raises two questions (see [815] 
825] for some reviews and [826] for a historical account): 


e Why is the cosmological constant so small but non-zero? 


4°For recent reviews see BTJ). 
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e The Coincidence Problem: why is the cosmological constant today comparable to the matter energy density 
today? 


Phase transitions through the cosmological history would have changed the total vacuum energy, so any solution to the 
problem needs to ensure that the vacuum energy is suppressed throughout. However, what makes the cosmological 
constant problem most challenging is that it is a low-energy problem, which can be posed at scales which we believe 
we understand very well. For instance, summing up vacuum-loop diagrams to a cutoff M ~ 100 GeV — a reasonable 
scale given the success of the Standard Model in accelerator experiments — the electron contributes: 


pe ~ O(M*)+O(M?m;) +0 [i In x) , (282) 

Me 
which is already around 55 orders of magnitude too large. A recent estimate of the total vacuum energy from the 
Standard Model of particle physics, using a Lorentz invariant renormalisation scheme, gives a value for the energy 
density today of pa ~ —3.2 x 108 Gev* [822]. It is important to note that the gravitational effect of quantum 
loops has been experimentally observed in matter; they are known to contribute to the inertial mass of particles via the 
Lamb shift and the nuclear electrostatic energy, where the equivalence principle has been verified to at least one part 
in a million [828]. Nonetheless, cosmological constraints on the vacuum energy would seem to indicate that quantum 
loops in the vacuum do not gravitate. Although the length scale of the cosmological constant problem is huge, Hg’; 
as it occurs precisely at the point that quantum physics meets gravity, we might hope that a better understanding of 
string theory will offer a solution. 
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Figure 30: Bubble nucleation for a transition from a false to a true vacuum. The opposite transition is also allowed as long as the two spaces are 
ds. 


6.1.2. The anthropic principle and the string theory landscape 

Even without any microscopic understanding to hand, our very existence suggests that the cancellation of vacuum 
energy has to occur. If the vacuum energy were positive and much larger than the observed value, the growth of 
structure would have ceased too early preventing the formation of galaxies. If it were much larger and negative, the 
universe would have already collapsed in a Big Crunch. Remarkably, Weinberg arrived at the prediction that the 
vacuum energy must be small and of the same order as the matter energy density using this anthropic argument with 
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bound] 


-10713 M$, Spx [3 x 107" M$]. (283) 


If one assumes that observers require galaxies, and that observers typically evolve soon after galaxy formation, then 
the Why Now? problem is also solved, as allowing the vacuum energy to be as large as possible whilst allowing for 
galaxy formation places it in line with the matter energy density directly after galaxy formation. For the argument to 
be complete, one also requires a theory to produce a multitude of vacua, including ones with anthropically viable total 
vacuum energies, and a mechanism to populate them all. This is what the string theory landscape is proposed to 
provide. 

As reviewed in Sec. 3, string theory has a (probably finite but) enormous number of solutions corre- 
sponding to 4-dimensional spacetimes at low energies, which we call the string theory landscape. Each solution has 
a number of distinct contributions to the vacuum energy. The value of the moduli potential energy discussed in Sec. 3 
(which incorporates classical and leading order perturbative and/or non-perturbative effects) is one such contribution. 
To these should be added subleading quantum corrections in both the g, and a’ expansions, amongst which those 
at O(a?) incorporate standard field theory loops. By considering a string-inspired simplified model of such a setup, 
Bousso and Polchinski argued that the string theory landscape accommodates a discrete set of total vacuum en- 
ergies that are sufficiently densely packed in Planck units to include the observed dark energy, and that moreover, all 
the corresponding vacua can be populated via an eternal inflation driven by non-perturbative bubble nucleation. 

The discreteness of the distribution of vacuum energies arises from the topological nature of the input parameters 
for string compactifications — flux quanta, D-brane and other localised source numbers, and an internal manifold 
characterised by its Hodge numbers — which all contribute directly and indirectly to the vacuum energy. Building 
on earlier work by Abbott and Brown and Teitelboim [832] [378], Bousso and Polchinski (see also 
for a review) considered in particular the vacuum energy contribution from a set of J 4-form background fluxes. In 
analogy to the electromagnetic field, each 4-form field-strength, Fg), is quantised in units of its source membrane’s 

mnpq _ 


‘electric’-charge qi, Fi, = niqie™”?4, and gives a positive vacuum energy contribution 


J 
— 1 22 
Pastor = 5 2” q- (284) 


Crucially, the background 4-form fluxes are unstable to non-perturbative tunnelling effects described by Euclidean 
instantons, in analogy to how an electric field between two oppositely charged parallel capacitor plates discharges via 
Schwinger pair creation of electron and positrons, in the case of a 4-form, the depletion occurs via the spontaneous 
appearance of spherical membranes. Inside the membrane, the associated field strength is lowered by one unit of 
membrane charge: n;q; — (n; — 1)q;, with a subsequent reduction in energy, (n; — Dg balanced by the initial mass 
of the membrane, which then expands outwards at the speed of light; see Fig. If one separates the total vacuum 
energy into the 4-form flux contributions and all the rest (which we may call the ‘bare’ cosmological constant), 


J 
= 1 2,2 
pra ats) nia (285) 
it takes an exponentially long time for the the background fluxes to deplete and so their vacuum energy contribution 


could eventually cancel an order one bare cosmological constant, 2 < 0, to give a total pa within the Weinberg window 
(283). This fine cancellation requires: 


J 
2A $ Ding? S Wal + 107"). (286) 
i=l 

That this is possible for charges not much less than one relies on the fact that there are multiple distinct 4-form 
fluxes and associated membranes (see Fig. 1 from [90]]). These arise from M/string-theory compactifications as high- 


dimensional forms and branes, such as 5-branes wrapping distinct 3-cycles in the internal space. For example, an 


50 Although note that cosmological constants much larger than the observed value were already known to be excluded. 
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internal manifold with ~ 500 3-cycles, with flux numbers ranging up to say 9, would give ~ 105% different vacua for 
the construction. 

Whilst the Bousso-Polchinski toy model captures much of the physics of the landscape, realistic string construc- 
tions require further considerations [57]: moduli have to be stabilised; fluxes backreact on the geometry so that the 
bare cosmological constant 4 and charges q; themselves depend on the flux integers, leaving the cosmological constant 
to vary in unpredictable ways; the types and numbers of fluxes and branes that can be included are constrained by 
charge conservation or tadpole cancellation. More sophisticated studies of the distributions of supersymmetric and 
non-supersymmetric Calabi-Yau flux compactifications of various string theories were carried out in 830 [133]. 
A recent development in this direction is the incorporation of Kahler moduli stabilisation, thereby ensuring that the 
sampling is only over the minima of the moduli potential (see e.g. and references therein). Constructions 
with as many as 107/2° vacua have been proposed [834], while F-theory models of dark energy have been proposed 
in [835)[836]. 

In summary, string theory plausibly contains a landscape of vacua with a dense spectrum of vacuum energies that 
includes the observed vacuum energy, and a mechanism to populate them via membrane nucleation. The cosmological 
history of this scenario assumes that the universe starts with a large positive vacuum energy, expanding exponentially 
as dS space. Eventually, somewhere within the universe, a membrane bubble will nucleate within which there is a 
lower vacuum energy. This bubble will grow, but not as fast as the initial vacuum expands, the latter providing an 
ambient ‘multiverse’. Thus a process of eternal inflation ensues, with bubble nucleation continuing inside and outside 
existing bubbles, each bubble containing a long-lived open FRW universe and each jump in vacuum energy being not 
much smaller than one in Planck units, allowing for the creation of hot and dense universes. Eventually, one such 
bubble nucleation will create an anthropic universe, with the vacuum energy lowered to within the Weinberg range 
(283) where the Big Bang begins. See Fig. 


Bubble nucleation Expanding bubbles within bubbles Our universe = one of many bubbles 


Figure 31: Multiverse obtained by the process of bubble nucleation due to vacuum transitions from one dS vacuum to another with different 
cosmological constant. 


6.1.3. Open questions on the landscape 

The proposal of the string theory multiverse is deeply controversial. If true, it would motivates a paradigm shift in 
answer to the cosmological constant problem — the value of the cosmological constant is environmental and our very 
existence implies it must happen to fall within the Weinberg range in our patch of the multiverse. In this case, there 
seems no reason to expect any further microscopic explanation at play. However, there remains work to be done. 

Essential to the string theory landscape is an understanding of moduli stabilisation, reviewed in Sec. So far, 
there are few attempts at achieving simultaneously moduli stabilisation and the Standard Model of particle physics 
(see for some recent progress). A complete model must (of course) include the vacuum energy of the Standard 
Model and dark matter amongst all the different contributions to be anthropically cancelled. 

To be more concrete, however, consider the simplified type IIB moduli stabilisation scenarios of KKLT and LVS. 
It is important to recognise that, although we can aim to make well-controlled dS vacua and — remarkably — even 
compute to good precision the vacuum energy in the weak coupling, weak curvature expansions, we cannot hope — 
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with current technology — to obtain an explicit construction with fine-tuned vacuum energy O(107!7°). The interplay 
between various classical and quantum effects are argued to give rise to metastable dS vacua, with the effective 
parameters such as Wo, A and a in W = Wọ + Ae“ (see Sec. [3.3}, ultimately depending on topological numbers 
such as flux integers and numbers of branes or instantons. The first obstacle arises from the difficulty to determine the 
exact dependence of parameters like Wo and A on the complex structure moduli and the explicit stabilisation of these 
moduli in terms of the discrete microscopic parameters. Moreover, even if discretely adjusting these integers allowed 
the effective parameters to be finely-tuned to give an anthropically viable metastable vacuum at weak coupling and 
large volume, the fine-tuning would typically be spoilt by higher order g, and a’ corrections to the vacuum energy. To 
illustrate this point with a very simple toy model, consider a one-modulus system with canonical kinetic term and a 
scalar potential using an expansion in small ¢: 


VC) = (ao + aap? +m taag +...) . (287) 
Assuming some mild hierarchy in the parameters |a3| > |aj|, i + 3, and a) < O, induces a metastable minimum 
(od) = -42 <« 1 consistent with the expansion. If we assume that the leading coefficients are fine-tuned such that 
4 (lal? -120 
a- =| —] ~ 107, 
male 


then without further fine-tuning the higher order contributions O (¢*) to the vacuum energy will dominate. Thus it is 
the full vacuum energy, including Standard Model/dark matter contributions and all g, and a’ corrections — right up to 
the order where the corrections are suppressed down to 107!2° M$, without fine-tuning — that has to be anthropically 
fine-tuned. This arguably weakens the significance of the challenges in uplifting the leading order AdS vacua of 
moduli stabilisation scenarios to dS (see [864]), although notice that the Standard Model contributions to the vacuum 
energy were found to be negative in [827|[822]. Nevertheless, the key that the string landscape offers is the realisation 
that flux vacua lead to a finely-spaced distribution of vacuum energies over a suitably large range; even if the other 
contributions move this distribution up or down in energy, one may still expect vacuum energies of order of the 
observed dark energy amongst the final vacua. 

Weinberg’s anthropic window was derived by assuming that all other Standard Model parameters are fixed to 
their observed values. However, the string landscape suggests that all of these parameters would similarly vary from 
vacuum to vacuum. For example, if effective field theory parameters are such that primordial density perturbations 
are larger or grow faster, anthropic arguments would require a larger positive vacuum energy. It is not yet clear 
how to use this framework to make predictions. Any statistical approach (see and 
for a pedagogical review), by searching for those properties which have probability ~ O(1) in the landscape (see 
for discussions for and against our typicality) or identifying distinct low-energy features that are strongly 
correlated, would require an understanding of the measure on the space of vacua. Such a measure would need to 
include consideration of the dynamical mechanism that populates the landscape, which may prefer some vacua over 
others. This connects to the measure problem of eternal inflation, where bubbles of open universes with infinite spatial 
extent, reproduced infinitely many times, pose ambiguities in how to regularise [840] [841]. 

For some recent progress on searching the string landscape for models with phenomenological features using 
machine learning techniques see [222]. Another strategy is to understand which classes of effective field theory can be 
consistently embedded into the string theory landscape (i.e. have a consistent UV completion into quantum gravity), 
and which classes instead lie in the swampland with no UV completion incorporating gravity [842]. In fact, there 
are several conceptual challenges posed by any quantum theory on dS spacetime [215] [843], most notably 
the absence of a well-defined S-matrix. Together with the technical challenges in achieving explicit, well-controlled 
moduli stabilisation with metastable dS vacua, this has led to the provocative conjecture that long-lived metastable 
dS vacua may actually lie in the swampland [32] [33]. Although ‘may’ does a lot of work in this last sentence, even 
if such a conjecture were true, it may still be of course reasonable to expect that our observed universe is sufficiently 
short-lived to stay in the landscape. 

The landscape’s approach to dark energy has led to several general proposals for combining it with the physics 
of vacuum transitions, a period of inflation, bubble collisions, etc. In particular, the general claim that CDL vacuum 
transitions give rise to open universes after bubble nucleation has given rise to a holographic scenario for eternal 
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inflation. See for instance [844] . For recent discussions to address the vacuum selection in terms of self-organised 
criticality see [846] : 


6.2. Dynamical Dark Energy/Quintessence in String Theory 


In the previous section we discussed dS vacua in the string theory landscape as a possible explanation to present 
day accelerated expansion of the universe. However, given the debates around this proposal and observational 
prospects of measuring the dark energy equation of state and its time dependence, it is important to consider al- 
ternatives. The main alternative to a vacuum energy is a scalar field that is slow-rolling at positive energies, thus 
driving the accelerated expansion. This scenario goes under the generic name of quintessence and much of 
the physics is similar to that of cosmic inflation, discussed in Sec. 4. During quintessence, the equation of state of 
dark energy changes with time, similarly to inflationary cosmology, though initially Hubble friction can keep the field 
frozen yielding an effective cosmological constant. Quintessence scenarios with exponential or inverse power-law 
potentials are particularly attractive because they lead to equations of motion with attractor behaviour such that 
the present-day accelerated expansion is independent of the initial conditions. Moreover, these attractor solutions 
are usually scaling solutions such that the energy density scales as a power of the scale factor, and — for the inverse 
power-law potentials — the scalar field energy density can scale more slowly than the background fluid, allowing it to 
dominate eventually and drive the accelerated expansion [848]. 

Scalar fields abound in string theory and so it might seem rather natural to expect that one of them is at present 
rolling towards its minimum at a finite or infinite value. Among the scalar fields present in string theory, we can 
identify several potential candidates for quintessence: closed and open string string moduli, axions and runaway 
moduli. Moreover, scenarios where more than one scalar field drive the present day acceleration are also possible, as 
well as models of coupled dark sectors, where the dark energy and dark matter sectors are coupled. Time-dependent 
compactifications of the 10/11-dimensional supergravities that descend from string theory are also known to include 
accelerating cosmologies. 

After reviewing the major challenges in the quintessence scenario, we will discuss each candidate in turn. 


6.2.1. Challenges for quintessence 

Any quintessence scenario must meet a number of theoretical and observational challenges. Some of these are 
common to all quintessence models, irrespective of any string theory embedding (see for a review of phe- 
nomenological scenarios): 


e Cosmological Constant Problem — quintessence scenarios start by assuming that some unknown mechanism 
fixes the background vacuum energy to zero, on top of which the quintessence dynamics plays out to drive 
the accelerated expansion. The symmetries that are known to do this job, e.g. supersymmetry or conformal 
symmetry, only work down to scales much higher than the observed vacuum energy, around the TeV scale, 
where they must be broken, although one exception may be the approximate shift symmetry associated with 
a pseudo-Goldstone boson [850]. The cosmological constant problem is the big elephant in the room of any 
quintessence construction. 


e Radiative corrections to quintessence mass — for quintessence to drive an accelerated expansion, the quintessence 
scalar mass must be sufficiently light; ma < Ho with today’s Hubble constant Ho ~ 10-3 eV. On the other hand, 
as a scalar field, the quintessence mass is sensitive to quantum loops and — in a similar way to the Higgs boson 
— would be driven up to the UV cutoff. Again, symmetries like supersymmetry and conformal symmetry could 
help only down to TeV scales. 


e ‘Why Now?’ problem — Given the different scaling properties of radiation, matter and dark energy densities 
with the cosmological scale factor, a(t), the current epoch — in which all three of the energy densities are of the 
same order — seems very special. Why does there exist an epoch in which all three densities are comparable, 
and why do we happen to live in this epoch? In quintessence models, the scalar field equation of motion may 
admit ‘tracker’ solutions, in which the pressure and energy density in the scalar field tracks that of the dominant 
energy density [851] [852]. Moreover, these tracker solutions may be late-time attractors, and hence be reached 
independently of the initial conditions. However, in order for dark energy to come to dominate, the evolution 
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must depart from the tracker solution so that the field ends up locked at an approximately constant value. To 
achieve this at the right time would seem to require some overall fine-tuning. 


e Fifth forces — Being a light boson, the quintessence field mediates long-range fifth forces. Current constraints 
[853] indicate that any scalar with mass less than around the meV scale must have weaker than Planckian 
couplings to the Standard Model. This would appear to rule out using one of the universal string moduli, such 
as the volume modulus or dilaton, as the quintessence field since these moduli couple to all fields with Planckian 
strength after Weyl rescaling to the Einstein frame. Note that even if such fields were to couple universally to 
matter, they would not simply lead to a renormalisation of Newton’s constant as the nature of a spin-0 force is 
distinct from the nature of a spin-2 force. Non-universal moduli typically have couplings to the Standard Model 
that violate the equivalence principle, and such couplings are phenomenologically constrained to be at least a 
factor 107!! weaker than gravity [854]. 


Another proposal is that fifth forces are screened in high ambient matter densities such as close to the Earth, 
due to non-minimal couplings to matter and/or certain derivative or non-derivative self-interactions [855] 
(see [859 for work towards embedding these mechanisms into string theory). 


Finally, pseudoscalars such as string axions, coupling as they do via derivative axial-current interactions of the 
form 0,0(Wyys), need spin-polarised sources in order to be detectable via fifth forces and so evade fifth-force 
experiments using macroscopic bodies (searches for new mass-spin couplings are reviewed in with 
the strongest constraints coming from stellar cooling [863], still far from the parameter space of quintessence). 
In fact, axions can also be used to help screen scalar fifth forces [864] [865]; the non-linear target-space interac- 
tions between axions and saxions that typically appear in string constructions might convert would-be dilaton 
profiles to axion profiles, which can then be probed only by axion-matter couplings rather than dilaton-matter 
couplings. 


e Time variation of fundamental constants — if quintessence is a string modulus that sets the visible sector gauge 
kinetic functions, Yukawa couplings or Planck mass, then its rolling would lead to unobserved time-variation 
of the fundamental constants. Similarly to fifth forces, this disfavours closed string moduli like the volume or 
dilaton as quintessence. The problem may be reduced by using a local modulus geometrically sequestered from 
the visible sector. 


In addition to these overarching questions common to all quintessence scenarios, there are also a number of issues 
specific to string theoretic models: 


e Moduli stabilisation problem — even supposing a light (m S Ho ~ 10-® Mp), slowly-rolling modulus can be 
identified, all other moduli must be safely stabilised in a way compatible with the string mass above the TeV- 
scale (see for a recent discussion). Given constraints from fifth-forces and time variation of fundamental 
constants, the stabilised moduli must include the overall volume modulus and the dilaton with m => 107% Mp, 
which increases to m > 107'4 Mp; when the cosmological moduli problem is taken into account. Possible 
quintessence candidates are then ratios of Kahler moduli or blow-up moduli that (hardly) affect the overall 
volume, complex structure moduli or axions. Moreover Myon, Z 10-!> Mp, from the absence of sparticles at the 
LHC, and Myx = 10730 Mp; from tests of Newton’s inverse square law (see for further discussion in the 
context of the Large Volume Scenario, where the volume modulus may be used to suppress scales but is then 
also too light itself). 


These phenomenological requirements imply a large hierarchy between the potential which stabilises the vol- 
ume modulus V, Vo(‘V), and the one for the quintessence field ¢, Vi(‘V, @) (recall the volume modulus couples 
to everything) [867]. In fact, the total dark energy potential should look like 


VDE = Vo(V min) + Vi (Vmin $) = Vi (Vmin $) ’ (288) 


where V needs to stabilised in a near-Minkowski vacuum, Vo(Vmin) ~ 0, since V; is a tiny correction with 
respect to Vo to guarantee that the mass of the volume mode is at least above the meV-scale while m, ~ 10732? 
eV, and so a leading order stabilisation in an AdS vacuum would remain AdS even after adding V;. Thus we 
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require 
Vi (Vmin, $) 7 
Vo(Vmax) 


where Vo(Vmax) is the value of Vo at the potential barrier towards decompactification. Note that this is a huge 
hierarchy, which can hardly be obtained if both Vo and V; are generated by perturbative corrections since it 
would require values of V too large to ensure M, = 1 TeV. As an illustrative example consider LVS models 
where ‘V is fixed by O(a’) effects which therefore set the size of Vo. If ¢ is a fibre modulus different from the 
inflaton, its potential would be generated by O(g2a”*) string loops which would set the size of V4, yielding: 


2 
| " ) io, (289) 
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which would imply an extremely low string scale M, ~ Mp,/ VV <« 1 TeV. This shows that constructing a 
scalar potential with the hierarchy of scales as in is a challenge. Note that in models where V does not 
evolve from inflation to today, this hierarchy could be even larger since preventing volume destabilisation during 
inflation (a quintessence version of the Kallosh-Linde problem) requires (V1 /Vo) < (Ho /Hint)’. Depending on 
the inflationary scale, this yields 107!°8 < (V;/Vo) < 107%% [867]. As pointed out in [867], a natural way 
to achieve this huge hierarchy could be to fix V by perturbative effects, and then use axions as quintessence 
fields since their potential is generated by exponentially suppressed non-perturbative effects. Being axions, 
they also naturally avoid fifth-force problems, and their shift symmetry guarantees the radiative stability of the 
quintessence field mass. 


F-term problem — This is a rephrasing of the cosmological constant problem for quintessence models in the 
context of LVS moduli stabilisation [866]. The supersymmetry breaking in the Standard Model sector, say lo- 
calised on some brane configuration, gives a large positive contribution to the scalar potential, 6V;, ~ M 2M? a ~ 
10760 M$, where M is the mediation scale with M = 107! Mp. Clearly, in the absence of a source to cancel 
this large contribution, the vacuum energy would be way beyond the dark energy scale (see for a scenario 
in which this large vacuum energy is supposed to finely cancel against contributions from the backreaction 
of non-supersymmetric visible sector branes). More generally, after supersymmetry breaking, the mass of the 
quintessence field would typically be of order the gravitino mass (see and for some ways to evade 
this). 


Sequestering in supergravity — Within the context of 4-dimensional N = 1 supergravity, the usual low-energy 
description of string compactifications, it is difficult to suppress couplings between the quintessence field and 
Standard Model degrees of freedom such as the Higgs [870] . The scalar potential has to take the form 


V@, y) = eX” ((D, WP + |De W? — 31W), (291) 


with ® the quintessence superfield and y denoting (collectively) the matter superfields. Assuming a maximal 
decoupling with Kahler potential and superpotential taking the form 


K = K,®) + Kn), (292) 


and 
W = W,(®) + Wi), (293) 


and moreover taking a canonical normalisation K} = ®® and e.g. W, = 3 VAe~ 2” so that 
V ~ Ae??, (294) 
one obtains couplings of the form 


31O D 
1672 M3, 


ri ® 
OV ~ — SDD, WP, ôL~ 8P Ltermions ôL ~ 
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SD Leauge (295) 


(where T(G) is a group theory number). 


Even if we choose ®p = 0 to evade present fifth forces constraints, at some point in the past we would have 
had ®o ~ O(1)Mp,, giving Planck suppressed linear couplings between the quintessence field and the Standard 
Model for which there are strong bounds (see [869] for a recent example of quintessence model in supergravity). 
The most obvious way to try to achieve sequestering is to consider quintessence as an open string modulus 
geometrically separated from an open string realisation of the Standard Model, for which the Kahler potential 


takes the form _ 
FOD) gwi 
3M2 J 
It is not yet clear if sufficient coupling suppression can be achieved (see [871] 
for some stringy mechanisms of kinetic mixing, [877] for a summary of the challenges, [563] for some proposed 


solutions and [878] for some recent progress including a lower bound on the volume modulus to suppress the 
couplings between the Standard Model and other Kahler moduli). 


K = -3 M% In f = (296) 


6.2.2. Runaway quintessence — single field 

The vast moduli sector of string compactifications offers the ideal place to look for quintessence candidates. Given 
the ubiquity of runaway moduli in string compactifications (see discussion on the Dine-Seiberg problem in Sec. 3), 
one may expect runaway quintessence scenarios to be easily realised, without the need for delicate interplay between 
various not-so-under-control ingredients as in dS vacua. As string moduli usually correspond to low energy couplings 
or expansion parameters, by setting up moduli to be slowly-rolling close to their asymptotic regime, parametric 
contro['| of expansions could be ensured with, moreover, a naturally suppressed vacuum energy. Phenomenological 
bounds on the parameter A for runaway scalar potentials of the form V(¢) ~ Vo e~*? were found to be A < 1.02 and 
AS 0.6 at 30 in and [880], respectively. 

As mentioned above, the first candidate runaway moduli that one may think of are the overall volume and the dila- 
ton since they are model independent; rolling towards infinite volume or zero coupling, respectively, in the asymptotic 
limit. Indeed, the dilaton was used early on as a quintessence candidate in [881][882], although ref. has recently 
shown that runaways for the volume mode and the dilaton at tree-level, where one could in principle achieve paramet- 
ric control over all approximations, are never flat enough to drive an epoch of accelerated expansion. Nevertheless, 
the main difficulty with these moduli is that they couple to all matter fields. The strong bounds on fifth-forces and 
varying constants thus make these options untenable. On the other hand, if the runaway direction is a local modulus 
in a hidden sector it may plausibly avoid constraints from fifth forces and time variation of fundamental constants. 
Yet as we now discuss, even before worrying about these phenomenological challenges, it turns out to be intriguingly 
difficult to identify runaway directions in string theory that are sufficiently flat to source the required acceleration 
[883] [884]. 

For example, consider for simplicity a moduli stabilisation scenario in which all but one of the moduli are stabilised 
as heavy fields in a supersymmetric Minkowski vacuum. The remaining supersymmetric flat direction ® is protected 
by non-renormalisation theorems [53], but is ultimately lifted by non-perturbative effects. If this is a bulk modulus, it 
will typically have a Kahler potential and superpotential of the form: 


K =—p|n(® + ®) and W=Ae” (297) 


for some constants p,A,a. The resulting scalar potential for the saxion ø = Re(®), with runaway towards ¢ — œ is 
plotted in Fig. [32}for p = 1,3, and it is easily shown that the slow-roll parameter diverges at the tail: 


4 
eo ae a >o, (298) 
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and thus this potential is always too steep to drive an accelerated expansion [883]. 


5! The expansion can be made arbitrarily good by making the expansion parameter arbitrarily small. 
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Figure 32: Typical runaway potentials: the scalar potentials derived from eq. (297 for p = 3 (left-hand side) and p = 1 (right-hand side). 


In fact, it has been shown using N = 1 supergravity that all the typical string moduli — whether bulk or local, 
whether lifted by perturbative or non-perturbative superpotentials — have potentials that satisfy either ey > 1 or 
pv < 0 and so cannot drive an accelerated expansion, see Tab. {7|[884]. These results have been extended in 
considering no-scale models in type IIB, IIA and heterotic string compactifications. The limitations from string- 
inspired 4-dimensional N = 1 supergravity on obtaining slow-roll potentials are reminiscent of similar results from 
[885] which show that, for a class of supersymmetric theories, it is impossible to relax into an asymptotic zero-energy 
supersymmetric minimum whilst accelerating (see also [886]). The theories considered are those with a single field 
with exponential potential V ~ e~°?/*; indeed, if the potential is to have a zero-energy supersymmetric vacuum 
and support wpe = constant quintessence-like evolution, then it must have this form asymptotically, with |c] < V2. 
Assuming that the dynamics is indeed towards a zero-energy supersymmetric minimum at ¢ — ov, Ref. shows 
how 4-dimensional N = 1 supersymmetry implies that having V > 0 requires c > V6 and thus excludes slow-roll. 


K W V>0 e<il 
—pin(®+®) | W+Ae® no-go 
-pln(® +) | Wo+A®" no-go 

ko + T Wo +A e? no-go 

ko + E. Wọ +A®” | no-go except for p =n 
ko + 2r Wo + A e™°? no-go 
ko + oe Wo +A" | no-go except for p = 


Table 7: Summary of no-go theorems for string inspired supergravity models of single-field runaway quintessence, and parameter points that 
evade them. The Kahler potentials correspond, respectively, to bulk moduli, fibre moduli and blow-up moduli, and the superpotentials correspond 
to the flat direction ® being lifted, respectively, by a leading non-perturbative effect or a leading perturbative one. No-scale scenarios, having 
K = -3 In(® + ®) and W independent of ®, are included in the case that no-scale-breaking occurs via non-perturbative corrections to W. 


Note that we have — as is usual in quintessence and as is entirely unsatisfactory in string theory — left aside the 
cosmological constant problem and the fact that supersymmetry in the Standard Model sector must be broken at least 
at TeV scales which is clearly a challenge for supersymmetric vacua where the supersymmetry breaking scale would 
naturally be set by the dark energy scale. At the same time, the difficulties in obtaining runaway directions that sustain 
accelerated expansion seem to extend to non-supersymmetric setups. The runaway potentials associated with NS-NS 
tadpoles in non-supersymmetric string theories are also too steep for quintessence, taking the form V = A e~’? with 
y= 5, 3, 3 in the Einstein frame, for the SO(16)xSO(16) theory, the orientifold US p(32) Sugimoto model, and the 
type OB’ model, respectively (see for an extension of dS no-go theorems to non-supersymmetric string theories). 

These no-go theorems against single-field runaway quintessence support the conjecture against dS vacua, which 
are indeed best motivated at the asymptotic boundary of moduli space [33]. However, as we will discuss in Sec. 
there may be paths to evade these no-go results by considering multifield scenarios. 
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6.2.3. Hilltop quintessence 

Alongside runaway moduli, which are ubiquitous in string compactifications, dS maxima are also very easy to find. 
For example, the Dine-Seiberg runaway potential in eq. for p = 1 is shown in Fig. B2]to have a dS hilltop. In 
[883], the possibility of sourcing quintessence at the hilltop was explored (see for a phenomenological analysis 
of hilltop quintessence). If the modulus starts close to the hilltop, it can remain frozen there by Hubble friction for 
much of the cosmological history, first sourcing an effective cosmological constant and then turning into a rolling 
quintessence field with observable consequences. The parameters could be chosen to match the observed dark energy, 
consistent with the refined dS swampland conjecture (see Secs. [6.2.6] and [7.7| below) and with sub-Planckian field 
displacements. Quantum fluctuations Ay ~ H/(27) leave the field within the viable window close to the hilltop until 
H ~ 0.01 Mp. Although there is no need for fine-tuning in the Lagrangian parameters, the fine-tuning of initial 
conditions is difficult to motivate, perhaps resorting to some anthropic danger in starting from a point in field space 
that leads into a steep runaway. 

Of course this is just a scenario, and even if motivation for the initial conditions could be found, work would need 
to be done to embed it in a fully fledged string construction with moduli stabilisation and control over subleading 
corrections; in particular it may be a challenge to achieve sufficient sequestering to hide fifth forces, higher order 
instanton corrections may not be suppressed, and — as is usual in quintessence scenarios — the cosmological constant 
problem and vacuum contributions from the susy-breaking visible sector have not been addressed. Further attention 
to the hilltop scenario was given in [867], using the dS maximum for the volume modulus in the KKLT scenario, 
where it was found that matching with the observed dark energy would require an unacceptably light gravitino and 
light volume modulus. 


6.2.4. Axions as quintessence 

Axions are arguably the most attractive quintessence candidates as (i) being pseudo-scalars 
they evade the most stringent spin-independent fifth force bounds; (ii) they enjoy approximate shift symmetries which 
restrict the allowed couplings and protect the axion mass and potential energy density, which are otherwise UV 
sensitive quantities; (iii) their potential is generated by exponentially suppressed non-perturbative effects which can 
naturally reproduce the required hierarchy between the dark energy potential and the potential which fixes the volume 
modulus at leading order (for example via perturbative effects which break supersymmetry spontaneously) guarantee- 
ing Msor Z 1 TeV and my = 1 meV ina way compatible with m, ~ 107°? eV. 

From the string theory point of view, a rather generic prediction is the existence of a large number of axions 
— sometimes called an axiverse — arising from the KK reduction of higher-dimensional 
form fields on the topological cycles of the compactification space. As an internal space can easily have O(100) distinct 
cycles, there can be O(100) axions. Typically, the axion directions will be perturbatively flat due to shift symmetries 
descending from higher-dimensional gauge symmetries, and which may subsequently be lifted by non-perturbative 
effects that give masses ~ O(e~" Mpi) with t the partner saxion that measures the size of the corresponding cycle. 

In principle, the range of axion masses present can cover a wide region all the way down to quintessence-like 
masses Hy ~ 107% eV and beyond, which could include dark energy candidates as well as possible ultra-light 
axion dark matter with m ~ 10-7 eV [782]. However, note that this would require the presence of many 
non-perturbative effects in the compactification, all with different origins and of different magnitudes, with the corre- 
sponding saxions fixed at higher masses (to avoid cosmological problems). See for a review on axion cosmol- 
ogy and for a discussion on possible macroscopic compact objects from ultralight string axions. For an analysis 
studying the coupled evolution with dark matter see [895]. 

One specific realisation of this idea can be found in the LVS scenario [867]. At leading order and considering 
an appropriate uplifting sector, V is fixed by O(a’) effects in a Minkowski vacuum where supersymmetry is sponta- 
neously broken. At this level of approximation, the axionic partner of the volume modulus is a flat direction due to 
its shift symmetry that is perturbatively exact. Hence the mass scale of V and the supersymmetry breaking scale can 
be safely decoupled from Hy. The volume axion is lifted by tiny non-perturbative corrections that are exponentially 
suppressed in a power of the exponentially large volume, and so can naturally reproduce the dark energy scale since 


Voe = e Vif Mt j =s (2) , (299) 
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where g is the canonically normalised volume axion with decay constant: 


3 N Mp; 


2V5 a 


f= 
where N = 1 for a Euclidean D3-brane instanton while N is the rank of the condensing gauge group for gaugino 
condensation on D7-branes. Reproducing Vpg ~ 107!?° M$, from requires Mpı/f ~ 300, and so moderately 
large volumes, V ~ 10° — 10t, which are however still large enough to trust the effective field theory. Moreover 
M, ~ 10!° GeV, m3/2 ~ 10!4 GeV and my ~ 10! GeV, together with m, ~ 10-2? eV. 

Let us stress that any axionic field whose saxion partner is stabilised by perturbative effects will have such doubly 
exponentially suppressed masses. For example, whereas blow-up moduli tend to be stabilised as for their axionic 
partners non-perturbatively, leading to masses for saxions and axions of the same order, the saxions associated with 
fibre moduli tend to be stabilised perturbatively, and thus end up being heavier than their axion partners, allowing 
for an EFT where the saxions can be integrated out to leave an ultra-light axions to drive quintessence (see for 
a discussion on how, otherwise, lifting axion away from its minimum can lead to a steep runaway instability in the 
saxion direction). 

Unfortunately, as we have already discussed, it is not sufficient to have a light scalar field to drive a period of 
accelerated expansion; the scalar potential must be sufficiently flat. This is not the case for the potential since 
the axion decay constant is sub-Planckian, f ~ Mp,/300, while a sufficiently shallow potential would require a super- 
Planckian field displacement and axion decay constant [897]. Note that this is not just a consequence of matching the 
correct dark energy scale, but also a condition to trust the effective field theory. In fact, axion decay constants typically 
scale as f ~ Mp,/t (898) [453] [697] [454]. Hence r > 1 implies that axion decay constants are always sub-Planckian. 
Indeed super-Planckian decay constants are very difficult to obtain within string theory, and recent discussions in the 
context of the string swampland even suggest that they may be forbidden in quantum gravity via axionic versions of 
the weak gravity conjecture [899] [000] [901] [414] [782]. 

However, there are other possibilities for axions to drive an accelerated expansion without a super-Planckian decay 
constant: 


e Axion hilltop quintessence: for a single axion field, by fine-tuning the initial conditions sufficiently close to its 
hilltop, an accelerated expansion can be achieved [902] [867]. Even if one might think that not much tuning is 
necessary to achieve less than 1 e-folding of late-time accelerated expansion, the initial conditions that allow for 
quintessence are likely to be destroyed by inflation. In fact, during inflation the axion is an ultra-light field which 
acquires quantum fluctuations of order Ay ~ Hin¢/(27). The initial vicinity to the maximum is determined by 
the value of the axion decay constant. For example, for f ~ 0.02 Mp; which is roughly the largest possible value 
of f compatible with a large volume expansion, this distance in Planck units has to be smaller than 10718 [867], 
imposing Hint < 107!8 Mp, ~ 1 GeV. For smaller values of f, the tuning gets even worse. 


e Axion alignment quintessence: for two or more light axionic fields, an alignment mechanism 
may generate an effective super-Planckian decay constant out of two or more sub-Planckian decay 
constants (see for other possibilities for axion quintessence, which rely on the presence of a dS minimum). 
The lightest axion could play the role of dark energy while the axion which remains heavy could potentially 
account for dark matter. 


6.2.5. Branes, extra dimensions and string symmetries 

As a key constraint on quintessence candidates is always their interactions with Standard Model matter resulting 
in fifth forces, a natural place to look for string theory quintessence candidates is from hidden sector D-branes, as they 
may be coupled to visible sector D-branes with weaker-than-Planckian couplings. 


k-essence from branes. Refs. [904] explored whether the DBI action could give rise to quintessence attractor 
tracker solutions for the scalar field representing the position of the brane. This starts with a string-inspired, phe- 
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nomenological action: 


2 
SDBI =- f dx a(t) frome 1- iw -T(¢)- re) (301) 


where T(¢) is the warped tension of the brane and W(¢) and V(@) are potential terms, the first coming from the nature 
of the D-brane stack (e.g. supersymmetry breaking effects, non-Abelian sectors, worldvolume fluxes) and the second 
from possible interactions with the bulk and other brane stacks. This gives rise to an equation of state: 


_ TOY- WO) -779 
* yT(d)(yW(o) — 1) + yO) 


(302) 


1 
with y = (1 7 te) *. The simplest case is of a D3-brane moving in a 5-dimensional AdS space, describing the mid- 
region of a warped throat, T(@) œ gt and W(¢) = 1. Assuming moreover that Vig) oc T(@) is justified as it follows 
from y = constant, which in turn is an attractor scaling solution. Then wẹ = 2w + 1 > 1, with w the equation of state 
of the background fluid, so that ¢ scales faster than the background fluid and can never come to dominate the universe 
[904]. More general forms for the functions characterising the DBI action, which may or may not derive from string 
theory, allows for viable k-essence models [905], but only for super-Planckian field excursions. Also, although small 
scales for the vacuum energy and quintessence mass can be arranged, their robustness against quantum corrections is 
not yet addressed, 


Fine-tuning, branes and supersymmetry breaking. Branes and extra dimensions potentially allow for symmetries 
which can help address the fine-tuning problems in dark energy in non-trivial ways. For example, supersymmetry 
may be badly broken in the visible sector branes, say around TeV scale, thus explaining the absence of superpartners 
for the Standard Model, whilst the large localised vacuum energy may curve the extra dimensions rather than the 
branes themselves. Meanwhile, supersymmetry breaking in the bulk could be suppressed with respect to the visible 
sector branes by the Planck scale, leading to a corresponding suppression in the final vacuum energy. 

This idea was explored in the Supersymmetric Large Extra Dimensions (SLED) scenario [907], where two 
large extra dimensions explain the hierarchy problem and bring the string scale down to around TeV, whilst 
the KK scale and gravitino mass are suppressed to around meV such that bulk contributions to the vacuum energy go 
as Mim, a ™ meV*. An interesting stringy embedding of the SLED scenario with anisotropic moduli stabilisation 
that leads to 2 extra dimensions much larger than the other 4 has been presented in [449]. In SLED, dark energy 
emerged as a quintessence scenario using the volume modulus associated with the large extra dimensions, which 
develops a logarithmic slow-roll potential [910] [911]. 

A related scenario based on is [868], which considers large extra dimensions in the context of LVS. Here, the 
quintessence field is a fibre modulus which has weaker-than-Planckian couplings to a visible sector that is localised on 
a blow-up modulus having no intersection with the quintessence fibre. As already mentioned, having a quintessence 
sector which is geometrically separated from the visible sector helps in suppressing dangerous fifth forces and time- 
variation of coupling constants. The dark energy potential is generated by tiny poly-instanton corrections to the 
superpotential and the model shares several features with those of a typical SLED model: 2 exponentially large extra 
dimensions, a gravitino mass of order the cosmological constant scale and TeV-scale gravity. 

For these proposals to really work, it is necessary to control the loops on the branes, where supersymmetry is only 
non-linearly realised; their contributions to the vacuum energy would need to be absorbed by backreaction onto the 
extra dimensional curvature, but they may instead lead to high curvature on the brane or instabilities and runaway 
solutions. 

Progress on these questions may be facilitated by recently developed tools in coupling non-supersymmetric matter 
to supergravity [914] 915,9016, [917]. This has been initiated in [918], where evidence was found that the 
supergravity form of the action — and a small splitting in the gravity supermultiplet — is stable against integrating out 
heavy, non-supersymmetric particles, thanks to the interplay with auxiliary fields associated with gravity, the goldstino 
and other supermultiplets in the supersymmetric gravity sector. Having a gravity sector that is supersymmetric down 
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to low energies, coupled to a visible sector where supersymmetry is non-linearly realised, is also motivated by the fact 
that gravity would have the weakest couplings to any supersymmetry breaking sector [455]. Cosmological bounds on 
the light gravitini and moduli that would arise with enhanced supersymmetry in the gravity sector are discussed in 

How supersymmetry may help in the UV stability of dark energy models such as quintessence has been pur- 
sued further in the scenario of ‘yoga dark energy’ [924]. This proposes that a very supersymmetric gravity sector, 
combined with an accidental approximate scale invariance and a ‘relaxon’ scalar field with m < me that dy- 
namically reduces the leading non-gravitational vacuum energy, might explain the cosmological constant problem 
and the observed dark energy. The supersymmetric gravity sector could be realised by brane supersymmetry breaking 
[926] [927] [928] [929] [930] (931|[932], whilst accidental approximate scale invariance is a generic property of low-energy 
string vacua and its interplay with supersymmetry is studied in [187]. The string interpretation of the 
relaxon remains to be explored in detail, as well as how well the scenario stands up to naturalness and phenomeno- 
logical conditions. 

Interestingly, the UV completion of brane supersymmetry breaking is not the standard supersymmetry but 
rather a so-called misaligned supersymmetry [934] [935]. The possibility that string theoretic modular invariance and 
misaligned symmetry may help with the cosmological constant problem has been discussed in [936]. Although no 
complete realisation of this idea has been found, there exists non-supersymmetric setups that have an exponentially 
suppressed vacuum energy to two-loops [939], thanks to Bose-Fermi cancellations between the massless 
field degeneracies in a non-supersymmetric visible sector and a non-supersymmetric hidden sector. 


6.2.6. Dark energy and the swampland 

The swampland aims to map out the set of effective field theories that can be ultraviolet completed consistently 
with quantum gravity (see Sec. [7.7| below). The dS swampland conjecture proposes that the scalar 
potential in any consistent effective field theory must satisfy either |VV| = mV or min(V;VjV) S -6V where 


c,c’ > 0 are O(1) universal constants, ruling out even metastable dS vacua. Support for the dS conjecture is found 
in the parametrically asymptotically controlled regime of string theory via the swampland distance conjecture and 
Bousso’s covariant entropy bound (it is important to note that the candidate string dS vacua discussed in Sec. 
3 rely on numerical control rather than parametric control; see also for other quantum gravity arguments 
against long-lived dS and for some motivation via the problems of eternal inflation). In this regime, the strong 
dS conjecture states that the strong energy condition should be satisfied at late times, implying c = V2, which 
would also forbid asymptotic accelerated expansion. 

A solution to the dark energy problem seems therefore to lie in a region of moduli space without full parametric 
control over the effective field theory, i.e. where one cannot make approximations arbitrarily good. dS vacua or 
quintessence solutions could however be obtained with numerical control thanks to underlying parameters, like Wo « 
1 in KKLT or V~! ~ e7!/8 < 1 in LVS, which can be made very small, even if not arbitrarily small (since the number 
of moduli and the D3 tadpole set a lower bound on Wo and gs). Note moreover that quintessence model building 
features the same challenges as the construction of dS vacua with however additional constraints coming from fifth 
forces, radiative stability of the quintessence mass, and huge hierarchies in the moduli stabilising scalar potential 
[867]. Hence, from this perspective, quintessence, instead of looking like a viable alternative to dS, seems to be under 
even less control than dS vacua. This consideration raises therefore some doubts on the validity of the dS conjecture 
in regions of the moduli space with numerical, instead of parametric, control due to the observational evidence of a 
present epoch of accelerated expansion and the current lack of robust dark energy alternatives to dS and quintessence. 

Allowing for effective field theories with quintessence-like configurations, the trans-Planckian censorship conjec- 
ture proposes that the possibility of sub-Planckian scale fluctuations redshifting until they cross the horizon and 
classically freeze out is unphysical, and therefore any epoch of super-luminal expansion must have a finite lifetime 
T < HlnH. In asymptotic regions of field space, the trans-Planckian censorship conjecture implies the dS swampland 
conjecture with c = 2/3, however, deep in the interior of field space the former is compatible with metastable dS so 
long as it is sufficiently unstable quantum mechanically. 

Ref. considered the implications of the swampland dS conjecture and the swampland distance conjecture and 
concluded that they would be in tension with early universe cosmic inflation: CMB observations bound the single- 
field inflationary slow-roll parameter € < 0.0044, which in turn bound the order one constant in the dS conjecture 
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c < 0.094. Moreover, any future detection of a tensor-to-scalar ratio of order r ~ 0.01 would indicate an inflaton field 
excursion of Ad ~ 2 My. 

Whether or not the swampland conjectures turn out to be true, it is interesting to consider to what new ideas 
they may lead. Ref. uses the distance/duality conjecture, the smallness of dark energy, and current (albeit 
rather model dependent) observational constraints on extra dimensions [944], to argue that the universe is in 
an asymptotic region of field space with a single large extra dimension — named the ‘dark dimension’ — of size l ~ 
um ~ (meV)~! along with a fundamental gravity scale M ~ 10!° GeV. Whereas the brane scenarios discussed in Sec. 
[6.2.5}use large extra dimensions to bring fundamental gravity down to the TeV-scale and to lower the supersymmetry 
breaking scale in the gravity sector, here the large extra dimension is motivated by the expectation that the one-loop 
vacuum energy goes as Mix ~ (meV)* for a tower of light states starting at Mxx. It goes without saying that finding 
a viable string embedding with moduli stabilisation of the large dark dimension scenario is a difficult task. Moreover, 
it remains an open question how an accelerated cosmology is obtained in the asymptotic region of field space. 

Nevertheless, if dark energy is sourced by a rolling scalar field, the asymptotically exponentially light tower of 
states implied by the swampland distance conjecture could play the role of dark matter which continuously becomes 
lighter as the dark energy field rolls down its potential [945]. This so-called ‘fading dark matter’ scenario may help 
to address the tensions in the late-time measurements of Ho and og compared to the values inferred from early-times 
using the ACDM model. Alternatively, the tower of states may correspond to the massive KK gravitons, universally 
coupled to the Standard Model and produced as dark matter as the Standard Model sector cools down [946]. Ref. 
[947| observes that a mesoscopic large extra dimension slows down the rate of Hawking radiation for black holes, 
thus prolonging the survival of low-mass primordial black holes, which can then compose all of dark matter. The 
correspondence between a 5-dimensional primordial black hole and 5-dimensional massive KK modes interpretation 
of dark matter was discussed in [948]. 


6.2.7. Multi-field quintessence 

Multi-field quintessence models can help overcome several of the problems suffered by single-field models, and 
are also well-motivated by string theory given the large numbers of scalar fields that arise in string compactifications, 
with non-trivial target-space geometries. Similarly to hybrid inflation, multi-field models provide mechanisms to exit 
the accelerated expansion. They also provide new avenues to achieve accelerated expansions with steep potentials, 
via non-geodesic trajectories or gradient flows. And sufficiently shallow potentials may be found in regions of weak 
couplings and parametric control, where competing terms in the multifield asymptotic limit can allow for geodesic 
trajectories along gradient flows, which represent shallow valleys in the multi-dimensional moduli space. We will 
now discuss these various proposals in more detail. 


Hybrid quintessence for a graceful exit:. The conceptual problems presented by an eternal dS, e.g. the absence of a 
well-defined S-matrix, are shared by quintessence models unless there is a mechanism to end quintessence 
at some time in the future. Similarly to hybrid inflation [950], this can be achieved in a multi-field hybrid quintessence 
model. A stringy realisation of this idea is given by quintessence from 2 D3-branes separated by some large distance, 
r, and at some relative angle, 6 [951]. The relative angle breaks supersymmetry and generates a tracker quintessence 


potential for the 2 fields: V(¢, 0) = @? ws . To obtain the observed dark energy scale, p ~ 1070 M$, with 0, ġ ~ Mp, 
requires M, ~ TeV and hence 2 large extra dimensions. In the early universe, domination by radiation or matter 
ensures that H > mp, so that 8 is frozen at a constant VEV O(Mp)). If pọ is greater than the energy density of the 
tracker solution, ¢ rolls quickly down its potential until it freezes at some VEV O(Mp)), due to the large redshift of 
kinetic energy, by which time pg is much less than the tracker energy density. At this point both @ and ¢ behave as 
frozen quintessence with w ~ —1, and eventually the quintessence comes to dominate the universe. Later, H falls 
below mg, 0 begins to roll, the accelerated expansion ceases, and the potential eventually vanishes as 8 settles at its 
minimum, yielding to another era of matter domination. Although this scenario solves the problem of a well-defined 
S-matrix, it requires super-Planckian field displacements to achieve a shallow enough potential to drive the accelerated 
expansion as well as a moduli stabilisation scenario that results in two large extra dimensions. 


Non-geodesic trajectories in string constructions:. Just as for inflation, having multiple fields provides new avenues 
to achieve accelerated expansion with steep potentials via curved non-geodesic trajectories in the multi-dimensional 


125 


target-space. String compactifications do give rise to non-linear sigma models in their 4-dimensional N = | supergrav- 
ity descriptions, providing in principle interesting target-space geometries for non-geodesic behaviour|>"| Moreover, 
non-geodesic trajectories can be longer than the geodesic distances that determine the masses of towers of states 
(952)[953}. 

Various effective field theory multi-field models have been proposed that are consistent with observational data 
and the swampland conjectures [954] [055] [607] [956] [34] [957] [958] [959]. Ref. considers instead string-inspired 
multi-field models composed of saxion-axion pairs with the kinetic couplings and scalar potential expected for either 
closed string universal moduli or non-universal moduli such as blow-up modes. A possible setting for the universal 
moduli is [961] [123]; these involve type IIB flux compactifications with all the complex structure moduli and axio- 
dilaton stabilised, leaving a single Kahler modulus with K = —-pln(T + T) and V = Vọ/(T + T)? and p = 3. 
Other string settings corresponding to different values of p are outlined in Tab. A possible setting to consider 
candidate blow-up modes is type IIB orientifold flux compactifications with internal Calabi-Yau of the ‘weak Swiss 
cheese’ form [414], assuming just one universal modulus, Tp, and one blow-up mode, Ts, with Ts < Tp, for which 
K =-2inV = -31n Tp + 2 (T/T). 

This yields specific polynomial kinetic couplings and scalar potential. For the string-motivated couplings and 
potential discussed, and assuming that the dark energy epoch is entered from an epoch of matter domination as in our 
universe, Ref. found that — although multi-field accelerated cosmologies could easily be found — none passed 
through the current observed values for (Opg, wpe) ~ (0.7, —1) (starting from these observed values and working 
backwards, it was found that the observed values could be reached via initial conditions of kinetic domination). It 
remains an open question whether observationally viable models could be found in other multi-field string setups, 
with different couplings and potentials and/or more than two fields. 


p X Theory Sources MA basmil References 
1 S =e? +ia Heterotic — SU(3) str. [282] 
2 h= O) +i ho Ca) Type IB D3/D7, 03/07 K3-fibered CY3 
3 T = Vol(24) +i $, Ca) Type IIB D3/03 CY; [961] 
7 Z = Vol(X3) +i J Ag) M-theory KK6/KKO6 Gp str. [962] 
Table 8: Examples of string constructions having a 4-dimensional saxion-axion system with K = —pIn(® + ®) and V = e* Vo, which yields an 


exponential kinetic coupling and exponential runaway potential in the canonically normalised saxion. The two-field models arise after all other 
moduli present in the given setup are fixed. Table from [960]. 


Gradient flows in string constructions:. Ref. shows that the no-go theorems for single-field runaway quintessence 
in 4-dimensional N = 1 supergravity can be evaded by considering saxionic multi-field models. Again focusing on 
regions of the moduli space at infinite field distance, which give parametric control as the weak coupling parameter in 
the relevant perturbative expansion goes to zero in that limit, the multi-field trajectories found turn out to be geodesic 
ones. Asymptotically, the trajectories are gradient flows, completely determined by the shape of the potential and the 
field space metric: these flows are parameterised by 4 with (A) = -F (AO V(A) where the smooth positive function 
F (A) takes care of reparameterisation invariance. The important point is that, with multiple fields, different terms 
can compete with each other in the potential even in the asymptotic limit. Consider for example the 4-dimensional 
N = 1 scalar potentials arising from F-theory compactified on a Calabi- Yau fourfold with G4-flux. Assume also that 
the Kahler modulus, of which the superpotential is independent, allows for a no-scale cancellation leaving a positive- 
definite scalar potential Vys = eX K'D;WDjW. Then, the asymptotic limit when approaching an infinite distance 
singularity in complex structure moduli space, keeping the overall volume V constant and assuming that partner 


2 : : : : : : : 
5? However, as shown in , non-geodesic trajectories in supergravity seem to require very large field space curvatures. 
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axions have been stabilised or remain as flat directions, takes the form: 


ves = SALT eT. (303) 


leE k=1 


for n saxions ¢*, & c Z” and Ay € R. The powers i, are constrained and classified by the framework of asymptotic 
Hodge theory, and overall, coefficients are such that V > 0 asymptotically and V — 0 along at least one trajectory 
towards infinity. Consider for simplicity Calabi- Yau fourfolds with 2 complex structure moduli only. Now, for flux 
choices such that the asymptotic potential has a single dominant term, e.g. 


= FF (304) 


ie 


with BA) = (a3, A), the situation is similar to the single-field case and the potential is too steep to drive an accelerated 
expansion. However, there are also flux choices that allow more than one term to compete in the asymptotic limit, e.g. 


ee 


KO a 


-25+ 


with (A) = Be 


which is ee small to allow for an accelerated expansion. 

It is important to note that the potentials just written have ignored the Kahler moduli, in particular the universal 
volume modulus. Unless the volume modulus is stabilised, it will also contribute to the dS coefficient, rendering 
the potential once again too steep for an accelerated expansion; at the same time, once the volume is stabilised, the 
no-scale cancellation, assumed in order to ensure a positive-definite scalar potential, needs to be revisited. 


2a? A a} It can be shown that the dS coefficient for such an asymptotic gradient flow is más = = ae ; 


6.2.8. Coupled dark sector models 

Another way to overcome difficulties in finding accelerating cosmologies in string theory are scenarios in which 
the dark energy and dark matter sectors are coupled. Although there are strong constraints on dark energy interacting 
with the visible sector, from solar-system and table-top tests of gravity, there are no such constraints on dark energy 
interacting with dark matter. Given the rich hidden sectors offered by string constructions, coupled dark sectors 
are well-motivated and also come with interesting phenomenological signatures (see for a review into 
phenomenological models of interacting dark energy/dark matter). 


DBI-essence with disformally coupled dark matter:. One such scenario arises from D-branes, where, as in DBI 
quintessence, dark energy arises from open strings representing the radial position of a D-brane along a warped 
throat, and now dark matter arises from open strings representing matter on the same hidden sector brane [965]. The 
action for the dark energy scalar takes the form with T(¢) = h7'(@), the inverse warp factor, and W(¢) = 
The action for the dark matter, originating at low energies from N particles on the moving D3-brane, e.g. from vector 
fields which have acquired Stiickelberg masses m;, takes the form: 


N 
Spm ==) f dam S-80- x), (306) 
i=] 


where uy = A? 9, + A'/?,,x"0,X" mn is the pull-back of the 10-dimensional metric onto the brane, x” (é“) are the 
embedding of the brane worldvolume into the spacetime, and we have chosen the static gauge &“ = x". The energy 
density that follows from S pm is: 


i %2 a1 
p= ym ðí raw- M 5) {= (1 — ho), uano)? (307) 
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V2 3 
non-trivial coupling leads to a non-conservation of dark matter energy density and a non-standard time-evolution as 
the universe expands. 

Consider two concrete examples, namely (i) an AdS warp factor, h(¢) ~ 6+, corresponding to a D-brane in the 
mid-region of a Klebanov-Strassler throat together with a mass term for the scalar potential, V(¢) ~ ¢? and (ii) a 
constant warp factor, h(d) ~ constant, corresponding to a D-brane in the bulk or close to the tip of the throat, and an 
inverse power law potential, V(¢) ~ ¢-?. 

In both cases, a dynamical systems analysis reveals a late-time accelerating scaling expansion, with the universe 
becoming asymptotically devoid of all matter whilst maintaining a constant rate of acceleration. The acceleration 
may ultimately end, however, depending on what happens when the dark D-brane eventually reaches the tip of the 
throat. Note that the usual slow-roll conditions and Hubble scale mass for the dark energy scalar, ¢, is not necessary 
for this acceleration, thanks to the non-canonical kinetic term in the DBI action. The observed dark energy scale 
is obtained for mg ~ 108M2, which can be achieved for a D-brane close the tip of the warp throat (although 
the cosmological constant problem, as usual, has not been addressed). The consequent interchanges between dark 
energy and dark matter suggests that their energy densities should be around the same order, providing a solution 
to the coincidence problem. As well as phenomenological questions on the implications of coupled dark sectors for 
structure formation, it also remains necessary to embed the interesting D-brane couplings and potential into a fully 
fledged string compactifications with stabilised moduli. 


with u” = 


from which one obtains a (so-called ‘disformal’ [966]) coupling with the dark energy scalar, ø. This 


Dark matter assisted dark energy. As well as explaining the coincidence problem, coupling dark energy to dark matter 
can help to achieve accelerated expansion in ways consistent with quantum gravity expectations; with a graceful exit 
from the dS epoch, thus allowing S-matrices to be consistently defined [967]. 

Motivated by the prevalence of hidden sectors in string theory, the thermal dark energy scenario (cf. thermal 
inflation [969]) proposes the existence of a light hidden sector that is still in internal thermal equilibrium in the present- 
day universe, thus constituting dark radiation. A light hidden scalar ø — which can be a modulus or matter field — 
can then be stabilised in a temperature-dependent metastable dS minimum, away from its true AdS or Minkowski 
minimum, thanks to its interactions with bosons y’ and fermions y^ in the thermal bath. For example, with interaction 
terms A;¢7y'y' and y,dw“y", and hidden sector temperature Ta much greater than the masses Myi, Mya in the thermal 
bath, finite temperature effects contribute to the scalar potential for ¢ as: 


Vo, Tr) = V(b,0) + bT 7 E , (308) 


where the constant b depends on the interaction couplings, 4;, yz. Consider e.g. @ with a Higgs-like zero-temperature 
potential V(¢, 0) = A(¢? — py, with zero-temperature minimum at ¢ = ¢o giving Minkowski space and mg = 2 VAgo. 


Then, for sufficiently high hidden sector temperatures Th > Te = | 0, finite temperature effects stabilise ø at 


ġ = 0, ata dS minimum with vacuum energy ppg = Agi. Phenomenologically viable regions of parameter space can 
be found for scalar masses < ueV, which are much larger than usual quintessence scales. The metastable dS survives 
until hidden sector temperatures fall below T., around which time there will typically be a first-order phase transition 
to the true global Minkowski minimum, thus allowing a well-defined S-matrix. 

A related scenario is ‘locked dark energy’ (cf. locked inflation (971]). Starting with the same Higgs-like 
zero-temperature potential for ø and hidden sector quartic interaction YP, one considers a region of parameter 
space where now my Z, Ho, such that y behaves as a dark matter field undergoing coherent oscillations, that is, fuzzy 
dark matter. Similar to the finite temperature contributions in the thermal dark energy case, the background amplitude 


in y can drive ¢ to the maximum of its potential ¢@ = 0, this happens when y > y- = ido. Through the oscillation, 
X spends some time with value < yc; assuming an oscillation frequency wy = my, this is given by At ~ T with v the 
X 


amplitude of the oscillations. So long as this time is less than the time scale of ¢’s tachyonic instability, (mg)~! with 
mg the tachyonic mass, ¢ stays locked in a metastable dS. As the oscillations in y are damped by the expansion of 
the universe, their amplitude decreases with time; the vacuum energy in ¢ comes to dominate the universe and drive 
an accelerated expansion, until, eventually, the amplitude in y falls below the critical value y.. Then ¢ rolls down 
to its true Minkowski minimum and the epoch of accelerated expansion ends, providing resolution to the S-matrix 
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problem. Phenomenological regions of parameter space have my < 10 MeV (so that it has not yet decayed) and, 
again, mg < pev. 

The thermal and locked dark energy scenarios are string-inspired models, but it remains to embed them in fully 
fledged string constructions with moduli stabilisation, and so identify their phenomenologically viable parameter 
spaces. 


6.2.9. Time-dependent compactifications 

As per our discussion in Sec. 3, for any higher dimensional theory that satisfies the strong energy condition (i.e. 
has a stress energy tensor that, together with Einstein’s equation, implies Roo < 0), there cannot be a time-independent 
compactification that has 4-dimensional accelerated expansion (and in fact this extends to massive ITA, which does 
not satisfy the strong energy condition) [69] 71]. 

However, time-dependent compactifications evade this no-go theorem and can give rise to transient periods 
of acceleration [978], corresponding to S-brane (‘space-like’ brane) solutions 
[973] [977]. Indeed, any compactification that has a semi-positive definite scalar potential in the low-energy effective 
field theory can generate an accelerated expansion by starting with initial conditions such that the scalar field rolls 
up its potential with friction: eventually the field reaches a maximum, ¢ = 0 and at this point there is an accelerated 
expansion if the potential dominates over other fluids present (see for a review). E.g. for a flat compactification 
with fluxes or compactification on a (compact) hyperbolic space, H/T with I a freely acting orbifold, the scalar 
potential takes the form V(¢) = Ae~“? with ¢ a geometric modulus. Thus, as ¢ evolves, the compactification is time- 
dependent. Despite this time-dependence of the compact space, the 4-dimensional Newton’s ‘constant’ is actually 
constant in the Einstein frame arrived at via a time-dependent Weyl rescaling; note that not all coupling constants, 
however, will be time-independent in this frame. Although there is no no-go theorem against compactifications with 
late-time accelerating cosmologies [956], all explicit solutions found in 10/11-dimensional supergravities, which are 
low energy effective field theories of string theory, have either acceleration for some transient period that ends in 
deceleration or acceleration that tends to zero asymptotically; thus they have no cosmological horizon and no problem 
in defining an S-matrix (see, however, [981], which argues for dS solutions in type IIB/M-theory with time-dependent 
compact manifolds and fluxes, in the presence of local and non-local quantum corrections). 

Ref. contains a recent discussion on time-dependent compactifications of type ITA supergravity on Einstein, 
Einstein-K&hler and Calabi- Yau manifolds with fluxes, which suggests that cosmologies with either (semi-)eternal ac- 
celeration, or parametric control on the number of e-foldings, is generic; interestingly, all solutions found therein have 
negative spatial 4-dimensional curvature (an open universe). The stability of these solutions against small perturba- 
tions is still to be verified. Ref. discusses transient cosmological acceleration in a system with two axio-dilatons 
including one axion flat direction, which is a consistent truncation of maximal massive supergravity theories arising 
from string theory; these solutions correspond to flat FRW cosmologies with power-law scale factor, some including 
a transient dS-like epoch with w ~ —1. 

Although these time-dependent compactifications with transient accelerated expansion have some regions of pa- 
rameter space allowing to match the current observed values for energy density and equation of state (Opg, wpg) ~ 
(0.7, —1), there are a number of open issues. A suitable choice of frame yields a constant 4-dimensional Newton’s con- 
stant, but the phenomenological viability of the time-dependence in other couplings needs to be verified [984]. 
Matching the observed dark energy density requires too large a compact space, thus invalidating a 4-dimensional 
effective description [978]. A proper understanding of S-branes, with strong string coupling, is needed. Furthermore, 
the scenario needs to be embedded into a full-fledged string construction that includes matter and moduli stabilisation. 


6.2.10. Early dark energy 

So far we have discussed /ate-time cosmological acceleration in the context of string theory models. Recently, it 
has also been proposed to introduce an early-time dark energy epoch [986], motivated by the persistent discrep- 
ancy between the value of the cosmic expansion rate today, Hp, determined from direct measurements of distance and 
redshift, and its value inferred from the standard ACDM model using CMB measurements (for recent reviews on the 
Hp discrepancies and phenomenological solutions see [45] |47]). The Early Dark Energy (EDE) proposal postulates 
that there was a form of energy density, which contributes ~ 10% of the total energy density of the universe briefly 
before recombination z > 3000 and then decays faster than radiation, so that it leaves the late-time evolution of the 
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universe unchanged. This implies that the expansion rate H(t) is increased shortly before the formation of the CMB, 
which raises the estimated value of Hy based on CMB data. 
A phenomenological EDE model is given by a scalar field, p, with potential (see [968] for some alternatives) 


VEDE = Vo h — COS (e) š (309) 


where Vy ~ eV“, such that the energy density is comparable to that of the universe prior to recombination. If the initial 
field value is y/f ~ ~, the field is initially frozen and behaves like a cosmological constant. Later, the field rolls-down 
its potential and begins to oscillate about its minimum with an equation of state wgpg = (n — 1)/( + 1), so that its 
energy density decays as a œ p~°"/“"*)), Therefore, its energy density decays faster than radiation for n > 2. The best 
fit values for (n, f) are n = 3 and f ~ 0.2 Mp [986] [988]. 

Although the proposal is relatively simple, and successful in relaxing the Hubble tension [47], it presents chal- 
lenges, such as reproducing the energy scale Vy) ~ eV‘ and the UV origin of the potential (309). For an axionic 
potential, the periodic terms in can be seen as the leading terms in an instanton expansion. Therefore, the value 
n = 3 would correspond to a delicate balance of the terms in an instanton expansion [989]. Although most of the work 
on this proposal has been phenomenological, a proposal to realise the EDE potential in supergravity and string 
theory has been put forward in [990], using racetrack-like type of superpotentials with suitable coefficients to ensure 
the required behaviour. 

A more detailed analysis of EDE from type IIB string theory has been recently performed in which identified 
Cz axions in LVS models as promising candidates to realize EDE from string theory with full closed string moduli 
stabilisation in a controlled effective field theory. The best working example of is a typical Swiss-cheese LVS 
model with an orientifold odd modulus G = Sb + ic (where b and c are the axions arising respectively from the 
reduction of Bz and C2 on the orientifold odd 4-cycle) which mixes with the big modulus T,. The superpotential takes 
the form 

W= Wiys +A eo UTHHG) + A> e~ 4T» +21) + A3 eA Tot31G) , (310) 


where W ys is the standard LVS superpotential and a = 27/M. The last 3 terms in (310) are generated by gaugino 
condensation on D7-branes with non-zero world-volume fluxes fẹ = kf (k = 1,2,3) that yield the following EDE 
potential (after fixing Im(7;,) = b = 0): 


; (311) 


5 15 3 1 
Vene = Vo 5 as cos (afc) + z cos (2af c) — z cos (3af c) 


with Ay = —15A/4, Ao = 3A/2, A3 = —A/4. After expressing the C2 axion c in terms of the canonically normalised 
field y with decay constant f ~ 0.2 ygs M V-B, eq. reproduces the required EDE potential with n = 3. 
Writing the relation between f and the non-perturbative action S as fS ~ A Mp, the EDE scale Vo can be written 
schematically as: 

Vo = Ae Mp, = Aee Mi =~ Ae Mp, for f ~0.2Mpi, (312) 


which can reproduce Vo ~ 107!% M$, without tuning A only if 2 > 1. As summarised in Tab. |5| ref. found that 
A ~ O(1) for C4 axions with ED3/D7 non-perturbative effects and C, axions with fluxed ED1/D5 non-perturbative 
effects, while 2 ~ yg; V" 3 > 1 for C, axions with fluxed ED3/D7 non-perturbative effects. Hence, this singles 
out this last case as the only one which can realise EDE without excessive fine-tuning. In fact, in this case the EDE 
scale and decay constant can be matched for A ~ |Wo| ~ O(1), gs ~ O(0.1), M ~ O(100) (implying that fluxed ED3- 
instantons with M = 1 would not give the right f for V > 1) and V ~ O(5x 10°) which correlate with m3 R~ 010!) 
GeV and my ~ O(10!°) GeV [991]. 
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7. Alternatives 


So far we have followed the main highway of string cosmology, taking as a guideline the most standard and 
successful approach to the early universe, namely the inflationary universe. But, even this is limited in scope. String 
theory’s standing as the prime candidate for a fundamental theory of Nature implies that at some point it should be 
able to address the earliest moments of the Universe and the questions of what happened before inflation. Even more 
interestingly, it may give rise to totally different scenarios of the early universe which manifest an intrinsic stringy 
structure of matter and provide alternatives to the inflationary scenario. 

Over the years, several attempts have been proposed to explore this important possibility. It is essentially im- 
possible to give a full review of all these proposals and we content ourselves with providing a short overview of 
the main ideas put forward in each case, referring to other reviews where these ideas are discussed in more detail 
[994] [995] [996] [997] [998]. In particular, we follow closely the summary presented in and update the 
original presentations there. 

Before discussing concrete proposals, we point out general areas where string theory and cosmology ought to 
intersect: 


1. Big-bang singularity. Within the current understanding of string theory it is not possible to address the earliest 
point in the history of the universe. It is widely believed that before reaching the spacetime singularity, even 
spacetime itself could become an emergent quantity where a fully-fledged non-perturbative formulation of string 
theory (or quantum gravity) will be needed. For various approaches to address this question see e.g 
(we will discuss some in detail in what follows). 


2. Hagedorn phase. Since the early days of string theory it has been known that there is a critical temperature 
known as Hagedorn’s temperature, Ty. As the number of string states increases exponentially with energy, the 
partition function 

Z = Tre ®”, (313) 


with 6 = 1/T and H the Hamiltonian, diverges at a finite temperature Ty = Tar This indicates that going 


4n 

back in time from the present the Universe will reach a point in which the stringy nature will dominate and at 
the temperature Ty a phase transition may occur. The precise nature of this phase is not known but the existence 
of a critical temperature clearly indicates that the stringy nature of the early universe would manifest itself at 


finite times. 


3. Vacuum transitions. The work by Coleman and collaborators to address quantum tunelling transitions among 
de-Sitter, anti-de-Sitter and Minkowski spacetimes could mark the beginning and end of our universe in a 
multiverse scenario. String theory should be able to provide a proper formulation to address these questions in 
a full quantum theory of gravity. 


4. The wave function of the universe. The attempts to describe a wave function of the universe and the creation of 
the universe from nothing, as pioneered by Vilenkin, Hartle and Hawking, were developed using a semiclassical 
approach to gravity. String theory, being a UV complete theory, should be able to provide a proper formulation 
of these proposals. 


Addressing these questions is important for string theory (and also any other proposal of quantum gravity), and 
may or may not lead to an inflationary universe. It is important to hold these questions in mind and consider with 
an open mind possible alternatives to inflation, following where the science leads but also not being contrarian for its 
own sake. 


7.1. Time-dependent String Backgrounds 


Formulating string theory in time-dependent backgrounds remains an open question. However, we can find with 
more ease time-dependent backgrounds of the low-energy ten-dimensional field theory for the different string the- 
ories. In these solutions, the metric, dilaton and antisymmetric tensors may be time-dependent with cosmological 
implications. A natural question is to search for solutions in which 4-dimensions expand and the other ones are either 
static or expand much more slowly, in order to address the fact that we only observe four large dimensions. 
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For this, we first consider a low energy string effective action including the metric gmn, the dilaton y and the NS- 
NS antisymmetric tensor of the bosonic and heterotic strings Byy. In an arbitrary number of dimensions D = d + 1 
the bosonic action takes the form (in units where /, = 1): 


1 
S= f dP x yg e” (r + ðu” y — qz Hmn H" +e I (314) 


where H3 = dB. 
Two simple classes of solutions can be described directly, including only the dilaton and metric time dependence 
with vanishing torsion Hyyp = 0: 


1. Linear Dilaton. In the string frame there is a general solution of gy = At, with A a constant, and metric 
gun = nmn (L010) [1011]. Going to the Einstein frame, the solutions allow for a cosmological interpretation 
with metric as? = -dł + ke which may be given a cosmological interpretation with linearly expanding 
dimensions. 


2. Rolling toroidal radii. A simple solution with vanishing curvature is to assume that all the spatial dimensions 
are tori with time-dependent radii R;(t) [1012]. For the critical dimension, in the string frame: 


Rit) ar, = Spr a1, J p=. (315) 


For different values of the constants p;, this can generate either expanding or static solutions, but without any 
preference for the physical case p; > 0,i = 1,2,3 and p; = 0 fori > 3. The solution in Eq. (315) is recognisable 
as a generalised Kasner solution, extended to include a rolling dilaton. 


Even though these are not realistic cosmological solutions, they were the first steps in the study of time-dependent 
solutions of string theory. Over the years further solutions have been studied with interesting cosmological interpre- 
tations >] We will discuss some of them later on. In particular, solutions generalising the original chaotic solutions of 
4D gravity from Belinsky, Lifshitz and Kalathnikov have been much studied with interesting mathemat- 
ical structure [999] [1000] [1016]. For a recent discussion of general classes of cosmological solutions see [1017] |983). 
An interesting concrete study of cosmological string theory backgrounds in two dimensions for which three and four 
point functions can be explicitly computed has recently been done in [1018]. 


7.2. String/Brane Gas Cosmology 


One of the first approaches to string cosmology was the Brandenberger-Vafa scenario [1019] (for reviews and 
recent discussions see [995|[1020]). The idea is based on the simplest manifestation of T-duality in toroidal compact- 
ifications with radius R: 


n2 


M = ap tR + NL +Ne-2, (316) 


in units of the inverse string tension a’ = 1/2. The integers n and m give the quantised momentum in the circle and 
the winding number of the string in the circle, Nz, r are the left and right oscillator numbers respectively. We can 
easily see that the spectrum is invariant under the simultaneous exchange of R e 1/(2R) and winding and momentum 
modes, n © m, with a self-dual radius of Re = 1/ V2. This is the simplest manifestation of T-duality in string theory. 

Brandenberger and Vafa explored the possible implications of this duality in cosmology and made a few interesting 
remarks: 


53Tt is important to keep in mind that four dimensional cosmology experienced by observers can be an effective one, as is clearly exhibited in 


mirage cosmology [1013 


132 


e The concept of distance is different for radii greater and smaller than the self-dual radius R,. For radii greater 
than Re, distance can be defined in the standard way as the dual of the conjugate momenta. But below the 
critical radius, the winding models play the role of momenta and it is the conjugate dual of the winding modes 
that properly define distance, Supposing this duality to hold in general, it is then possible to avoid distances 
smaller than the self-dual radius as the physics at those distances is equivalent to the physics at distances greater 
than the self-dual radius. In this sense, this concept of minimal length offers a way to avoid the big-bang 
singularity. 


e Winding modes, and the tension associated to them, suggest that energetics can favour a small value of the cor- 
responding circles. If winding modes annihilate with modes of the opposite winding, the corresponding circle 
can grow as large as possible and so essentially de-compactify. p-dimensional objects generically intersect in at 
most 2p + 1 dimensions. Therefore, winding strings (p = 1) can annihilate in three spatial dimensions and allow 
these dimensions to become large, offering a potential explanation of the fact that we live in 3 + 1 dimensions. 
This proposal is one of the very few concrete proposals to explain one of the most clear experimental properties 
of our observed universe, namely that it has three large dimensions and that the other ones, if they exist, are 
somehow hidden to usP4] Some numerical studies have been made of this proposal, with mixed results (see for 


instance [|1022)|1023)|1024]). 


e Independent of the dimensionality issue, this proposal emphasises that the current approach to cosmology in 
the FLRW model should be expanded such that the stress-energy tensor contribution to the density and pressure 
of the universe should be that of a gas of strings and branes entering into the Einstein’s equations used to study 
early universe cosmology. Extrapolating back in time from the present we reach higher and higher temperatures 
and at the critical Hagedorn temperature Ty there is an expected phase transition to a new phase dominated by 
a gas of strings and branes [1025] [1026] [1027]. Even though the nature of this phase is not known 


its cosmological implications may be possible to explore. 


Although these ideas are very attractive, they have been mostly formulated in simplistic cases for which all of the 
dimensions are circles. They have not been formulated on realistic set-ups in which chiral matter like in the Standard 
Model is present. A further issue is that the intuition that strings under tension causes cycles to shrink only holds under 
the assumption that the dilaton has been stabilised, e.g. by some standard mechanism such as gaugino condensation. 
This is manifest in 4-dimensional Einstein frame, where the radion is a linear combination of the string frame dilaton 
and radion. 

The lack of understanding of the Hagedorn phase is also a major obstacle at the moment. However, these ideas 
may eventually be applicable in more realistic frameworks and it is worth to keep them in mind. In particular, after 
the emergence of the brane-world scenario, generalisation of these ideas may add to the arguments for the critical 
dimensionality of spacetime. For example, for D4 branes (p = 4) to avoid annihilating each other they need to live in 
a universe with dimension greater than 2p + 1 = 9. This may put a bound on the brane dimensionality to be smaller 
than four [533]. A more detailed study for IIB string theory singles out D3 and D7 branes which are 
precisely the branes which host the Standard Model in F-theory and other local D-brane constructions of the Standard 
Model. For a realisation of inflation making use of the Hagedorn phase see [1028]. 

In the regimes where effective field theories are applicable, there also remains the standard challenge of imple- 
menting the scenario in realistic set-ups including moduli stabilisation (for a study of a possible realisation in type IIB 
string theory, see [686]). 


7.3. Pre Big-Bang Cosmology 


In the 1990s Veneziano and collaborators went beyond the Brandenberger-Vafa proposal by considering the 
possibility of T duality in cosmological backgrounds much closer to the FRW type. For an ansatz of the type: 


54s mentioned in the brane inflation section, there are other proposals to address the dimensionality of spacetime 533]. For an 
independent early proposal see i 
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T-dual phase 


Log R 


Figure 33: Temperature T against the radius of the extra dimensions R in string gas cosmology illustrating the Hagedorn temperature as a limiting 
temperature in string theory and the two dual phases of T-duality separated at the self dual point Re. 


ds? = —dt* + 52i a(t) dx? it can be seen that T duality is a symmetry of the equations of motion acting as: 


1 
a(t) > ao eer hee (317) 


Since a;(t) represent the scale factor, as in FRW, this has been named scale factor duality [1029]. Thus we can see 
that expanding and contracting universes are related by this symmetry. 

Gasperini and Veneziano combined this symmetry with the standard time-reversal symmetry: a(t) © a(—d), to 
allow for a possibility of considering cosmology before t = 0, in which the Hubble parameter increases instead of 
decreases. Without duality, the symmetry under t — —t would send H(t) — —H(-—1t) but, combining this with scale 
factor duality, it provides four different sign combinations for H(t). If the universe at late times is decelerating, H 
would be a decreasing monotonic function of time for ‘positive’ t, but a combination of duality and the t > -t 
transformation can give rise to H(—t) = H(t) so that this function can be even, as shown in figure [34] They therefore 
proposed a scenario in which the universe accelerates from negative times towards the big-bang and then decelerates 
after the big-bang. The acceleration would indicate a period of inflation before the big-bang without the need of an 
scalar potential. This scenario is called Pre Big-Bang Cosmology [1030] (992) [1031]. 

A concrete solution for this system corresponds to the isotropic case a; = a; = a(t) for which: 


at)=t/¥4 t>0, (318) 


with a constant dilaton. For this solution, H(t) ~ 1/t decreases monotonically with time. By applying the transforma- 
tion tf — —t and duality we can generate the four different branches of solutions: 


at) =Y ¢50,  an=(—pt’4 <0, (319) 


with y. (+t) = (+ Vd — 1)log(+t). 
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Figure 34: Possible realisation of the pre big-bang scenario with the past and future regions expected to match at the singularity with strong coupling 
and large curvature. 


In the two branches for which H > 0, the universe expands, which provides an interesting realisation of the pre 
big-bang scenario, as illustrated in figure[34] The solutions are such that there is a singularity at tf = O but also in this 
region the dilaton blows up implying strong string coupling. The hope is that non-perturbative string effects provide 
a smooth matching between these two branches. Since the weak coupling perturbative string vacuum appears as a 
natural initial condition in the pre big-bang era, the scenario consists of an empty cold universe in the infinite past 
which expands in an accelerated way towards a region of higher curvature. Eventually, it approaches the region of 
strong coupling and large curvature, which is assumed will match smoothly to the post big-bang branch in which the 
universe continues expanding but now with decelerated expansion. 

The spectrum of density perturbations in this scenario has been estimated, and claimed not to contradict the recent 
observations. The scenario also provides testable differences compared to inflation via the tensor perturbations, which 
could be put to test in future searches for gravitational waves. 

While this scenario has very interesting features, it has also been subject to criticism for several reasons. First, 
as the original authors pointed out, the main problem to understand is the graceful exit question, namely how to pass 
smoothly from the pre to post Big-Bang period. As this requires describing the big-bang singularity, this is a major 
challenge. Close to the Big-Bang the perturbative treatment of string theory does not hold since the dilaton and the 
curvature increase, implying strong string coupling. Therefore, there is no concrete way to address this issue within 
the framework where the theory is formulated. Another important problem is the fact that the moduli are neglected 
from this analysis and there has to be a mechanism that stabilises the extra dimensions. Furthermore, the scale factor 
duality symmetry that motivated the scenario is not clearly realised in more realistic settings with nontrivial matter 
content and the fact that the dilaton will eventually be fixed by nonperturbative effects may change the setting of the 
scenario. 

On the other hand, this represents an explicit proposal for the early universe with interesting string inputs which 
may prove useful in a more realistic scenario. Furthermore, the study of this scenario has led to interesting potential 
signatures from gravitational waves and has triggered much activity in this direction. After the detection of gravita- 
tional waves and the future progress in this direction, these preliminary studies of gravitational waves from a string 
theory perspective may prove very useful for experimental searches and may be a useful guideline for alternative 
proposals. 
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Figure 35: The Horava Witten scenario. Two surfaces or end of the world branes, each at the end of the interval, provide chiral matter and possibly 
interesting cosmology as proposed in the ekpyrotic/cyclic scenario. Ripples on the mobile brane may be the source of density perturbations. 


7.4. Ekpyrotic/Cyclic Scenario 


The ekpyrotic scenario was developed in the early 2000s by Khoury, Ovrut, Steinhardt and Turok and has presented 
itself as an interesting alternative to the inflationary universe, drawing its original inspiration from string theory 
[1032] [1033] [1034] [993}. 

The proposal was first formulated within a particular string theory scenario, namely the | 1-dimensional formalism 
of Horava and Witten with one of the dimensions compactified in an interval J (understood as a Z3 orbifold of a circle 
I = S'/Z,). The endpoints of the interval correspond to two parallel 10-dimensional spaces or end of the world 
branes which are the ‘fixed points’ of the orbifold, with each hosting Eg gauge theories, providing a strong coupling 
version of the heterotic string. Further compactification on a six-dimensional Calabi- Yau manifold then leaves two 
4D worlds at the ends of the interval in the 5D bulk. In principle, quasi-realistic models can be obtained from this 
approach, mostly using the topological properties of Calabi-Yau manifolds. It turns out that besides the end of the 
(interval) world branes, which we may also refer to as boundary branes, there are also five-dimensional branes in 
these compactifications (M-branes) that are not restricted to live at the fixed points and can move through the bulk. 
These are called bulk branes in order to differentiate them from the boundary branes. Overall, these configurations 
are reminiscent of models with both D-branes at orbifold singularities and also mobile branes. 

Khoury et al. also made an interesting proposal regarding the collision of branes, not to obtain inflation as in 
the brane inflation discussed in section [2.3] but as an alternative to inflation. The original idea was to assume that a 
(hidden) bulk brane going from one boundary of the interval to the other end, would collide with the second (visible) 
boundary brane and produce the Big-Bang. The bulk brane would be almost BPS — by which it was meant that it is 
essentially parallel to the boundary branes — and move freely and slowly from one end of the interval to the other. 
Small quantum fluctuations induce some ripples on this brane which, when colliding with the visible end of the world 
brane, would produce the density fluctuations measured in the CMB. There is no need of an inflation potential for this. 
A potential of the type —e~°’, with Y is the separation of the branes, was proposed, although not derived, describing 
the attraction of the branes. The 5D metric is taken with a warp factor that implies that the motion is from smaller to 
larger curvature across the interval and therefore the scale factor depends on the position of the brane in the interval. 
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This proposal has received several critics The first involves the standard problems solved by inflation. The horizon 
and flatness problems require the branes to be almost exactly parallel before collision, which may require a fine-tuning 
of initial conditions. Although relics such as monopoles will not be present if the collision temperature is low enough 
this argument needs to be properly quantified. There is also no general natural dilution, as in the exponential expansion 
of inflation, making the solutions of these problems more difficult in general. The issue of fine tuning of the initial 
conditions in the ekpyrotic scenario has been widely debated. 

However, the most prominent difficulty of this scenario is the following: in a 4D description, a < 0 before the 
collision, while it is expected that a > 0 after the collision, which requires a transition from contraction to expansion, 
without, in principle, crossing a singularity. This is a problem because it violates the null energy condition. 

Let us briefly review this argument. Consider gravity coupled to a scalar field: (setting xs = 1) 


1 
L£ = v8 (r = 59nd - vø); (320) 
The energy density and pressure are given by: 
= lpp = Ly V. (321) 
p= 2 ? P = 2 s 
Therefore, Einstein’s equations imply: 
f 1 1.3 
H=- 0+ p)=—5¢ < 0. (322) 


This implies that H is monotonically decreasing and we cannot go from contraction (H < 0) to expansion (H > 0). 

This problem motivated a second version of this scenario which does not include the mobile brane but considers 
the collision of the two end-of-the-world branes. In this case, there is a singularity at the moment of collision, since the 
size of the fifth dimension reduces to zero, which, in principle, could allow a transition from contraction to expansion. 
The singularity happens only in the extra dimension because the scale factors of the branes remain finite during the 
process. After the collision, the two branes separate again and the scale factor increases (see Fig. BS}. 

In terms of a four-dimensional EFT, this process can be understood in similar terms to the discussion of the Pre 
Big-Bang proposal. Neglecting the scalar potential and identifying the separation between the branes with the string 
dilaton (as it happens in the Horava-Witten scenario) we can use equations for the case d = 4. Out of the four 
possibilities provided by the choices of sign we can choose: 


a(t) = A, @ = do + V3logit. (323) 


The scale factor a(t) goes from contraction at negative ¢ to expansion at positive t. This still leaves the choice of sign 
for the dilaton open. Since the string coupling is proportional to e~*, the negative sign choice that was taken in the pre 
big-bang scenario corresponds to strong string coupling whereas the positive choice, chosen in the ekpyrotic scenario, 
implies weak coupling at t = 0. Therefore Khoury and collaborators conjectured that the transition is smooth at the 
singular point and afterwards the branes may start to separate again. 

This leads us to a third version of this scenario that corresponds to the cyclic universe [1034]. In this case, the two 
branes keep separating and passing through each other an infinite number of times, as long as the interacting potential 
has a very particular form. For instance, for a potential like that of Fig. we may describe the universe’s history 
by starting on the right hand side corresponding to the current time. The potential is taken to be slightly positive and 
with a slightly negative slope, reflecting the fact that the universe accelerates today as in quintessence. 

Since the slope of the potential is negative, the scalar field will start rolling towards smaller values representing the 
higher dimensional picture of the branes approaching each other. At some point the field will cross the V = 0 point 
and its energy density will mostly be kinetic. The potential rapidly becomes negative and then the energy density 
p=V+ TA touches zero, implying that the universe starts contracting. Since the kinetic energy is also large, the field 
passes through the minimum, towards the flat region at infinite ¢ or zero string coupling, where the branes collide and 
bounce back with enough energy to re-cross the steep minimum and go to the right hand side of the potential, where 
it returns to a radiation dominated era,before repeating the whole cycle again. 
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Figure 36: A variation of the original ekpyrotic universe scenario in which the end-of-the world branes approach each other, pass through their 
overlap point and at some point return, so completing the cycle. 


The different versions of this scenario claim to resolve the same questions addressed by inflation. For instance, the 
claim is that the horizon problem does not exist if there is a bounce, since there will be clear causal contact between 
different points. In the cyclic version, the late period of mild inflation plays a similar role as the original inflationary 
scenario by dissolving unwanted objects such as like magnetic monopoles, and emptying the universe for the next 
cycle, thereby also solving the flatness problem. Furthermore, the spectrum of perturbations has been claimed to be 
consistent with observations. Although this issue has been debated, all parties seem to agree that the methods used so 
far are not entirely conclusive one way or another. 

There are some interesting aspects to these proposals, especially regarding the revival of the cyclic universe. A 
cyclic universe was originally proposed in the 1930’s but it was immediately realised that the entropy increases on 
each cycle, requiring the length of each cycle to increase. Extrapolating back in time, we reach an initial singularity 
rendering the model only semi-eternal, similar to eternal inflation which also requires a beginning. So it is not really 
cyclic. 

In the current version, the old entropy problem is claimed to be solved as follows. Although it is true that the total 
entropy increases with each cycle, the entropy of matter is always the same at the end of each cycle. This is due to the 
present accelerated expansion which dilutes matter and so renders the universe essentially empty, actually one particle 
per Hubble radius, before restarting the cycle. This scenario was found in the context of the ekpyrotic scenario, but it 
is clearly independent of it and may have other realisations. 

Another interesting point of this scenario is that it connects the early universe and late universe in a coherent way. 
The current acceleration is used as a way to prepare the universe to the next cycle. 

Even though the scenarios were motivated in terms of string theory, the kind of scalar potentials that are needed for 
this scenario to work are relatively contrived and have not been derived from the underlying theory. This is certainly 
an important question to be addressed before these models can be considered genuine string/M-theory models. In 
this sense, these scenarios are presently at a similar stage as D-brane inflation was in 1998 where the scalar potential 
was only guessed, rather than explicitly calculated as in the brane/antibrane [354]. Finding a potential with the 
proposed properties represents a clear open challenge for these models. 


138 


contraction 


Figure 37: An illustration of the potential and trajectory of the field in the cyclic universe. Figure taken from [391]. 


From a string theory perspective, there are several other problems with this scenario. In particular, the assumption 
that the moduli of the Calabi- Yau manifold are fixed and decoupled is not justified. Nonetheless, the main problem 
to deal with remains the big-bang singularity giving rise to the bounce. This is a strong assumption as description 
of the bounce relies on strong coupling and non-perturbative dynamics. For further developments regarding the 
implementation of the ekpyrotic scenario see [1035]. For a comprehensive review of the subject see [993]. 


In summary, what the three scenarios: of pre big-bang cosmology, string/brane gas cosmology and ekpyrotic/cyclic 
have in common is that they contemplate a period of contraction, and represent examples of bouncing cosmologies. 
For a nice recent review on such bouncing cosmologies, see [996]. 


7.5. The Rolling Tachyon 


As we have seen in section [2.3] the open string tachyon plays an important role in brane anti-brane inflation. It 
provides the natural way to end inflation and is the source of production of lower dimensional branes like stringy 
cosmic strings. 

From the formal perspective, there has been concrete progress in understanding from first principles the physics 
of the open string tachyon. In particular, using string field theory Sen managed to extract substantial information 
regarding the tachyon potential (for a review see [1037]). This is actually one of the only cases in which a 
scalar potential has been derived directly from string theory. It is therefore worth exploring the potential cosmological 
implications of the tachyon field, independent of brane inflation. 

String calculations suggest that to all orders in derivative expansion these actions take a Born-Infeld form. 


£=-V(T) Jl -g'0,TA,T , (324) 


where V(T) can take different forms depending on the type of string theory, namely bosonic or supersymmetric. 

First, Sen studied the rolling of the tachyon to its asymptotic minimum T — oo and concluded that, even though 
the vacuum should correspond to the closed string vacuum and the unstable D-brane system (such as brane/antibrane 
pairs or non BPS D-branes) has decayed, the energy density is still localised. Furthermore, he was able to prove that 
the resulting gas corresponds to a pressure-less gas. This is easy to see from the effective action above for which the 
stress energy tensor for a time-dependent tachyon implies 


ee ae p= —vnvi-P. (325) 
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For constant energy density, the pressure behaves as p = —V”/p and at the minimum in T — œ we know that V > 0 
and so p — 0. The equation of state is p = wp with w = —(1 — T”) and therefore —1 < w < 0. 

For a time-dependent tachyon field, we should actually consider a time-dependent metric such as the one of FLRW. 
In this was done, obtaining the Friedmann’s equations for this Lagrangian coupled to 4D gravity: 


y= 8G VT) ik 
3 Vf œ’ 

ä 8G VT) (, 340 

a 3 VIT 2 jJ’ 


Even without actually solving these equations, it can be easily seen that the energy density decreases with time, while 
T increases relaxing towards the asymptotic minimum of the potential. In the meantime the universe expands, first 
accelerating (IT| < 2/3) and then decelerating (\T| > 2/3). Depending on the value of the spatial curvature k = 0, 1,—1, 
the scale factor a(t) goes to a constant for k = 0, to a Milne universe a(t) — t for k = —1 or re-collapses, for k = 1. 

Another natural question is whether this tachyonic potential can give rise to inflation by itself. However, this is 
challenging The main reason is the absence of small parameters in the potential that can be tuned to give a sufficiently 
slow roll. See however [1039] [1040] [1041] [1042]. 

As well as open string tachyons, string spectra can also include tachyons in the closed string spectrum. The situa- 
tion with closed string tachyons is more complicated and less understood. One way to see this is that, while the open 
string tachyon triggers the disappearance of D-branes after their collision by settling to the minimum of the potential, 
closed string tachyons are intrinsically gravitational and so their condensation may represent the disappearance of 
spacetime itself. Some simplifying configurations have been studied in which this happens for localised regions of 
spacetime that somehow mimics the open string case but the general case is not fully understood. This is also related 
to the fact that string field theory is better understood for open strings than for closed strings. For a detailed discussion 
of some phenomenological aspects see e.g and for comprehensive review on tachyon dynamics 
including cosmological implications see [1037]. 


(326a) 


7.6. S-Branes 

Closely connected to the rolling tachyon is the concept of an S-brane [979]. An S-brane is a topological defect for 
which all longitudinal dimensions are spacelike, and so it exists only for an instant of time. There are several reasons 
to introduce these objects. The simplest example in field theory corresponds to a potential for a real scalar field of the 
standard double-well form: 


Vip) =A(e-a’) , (327) 


with minima at ¢, = +a. In 4D this has the standard domain wall solution ¢(x) = a tanh( V2Aax) or 2-brane topolog- 
ical defect interpolating between the regions where the field is in the ¢, and ġ- vacua. 

For S-branes, we have a time-dependent configuration in which we start at the maximum of the potential (x, t = 
0) = 0 but with nonzero velocity (x,t = 0) = v > 0. This will make the field roll towards ¢,, until it oscillates and 
eventually arrives at the minimum. A time reversal situation would have the field starting in ¢_ and going to ¢@ = 0. 
We can then have the field evolving from ¢_ at t = —co to ¢, at t = oo looking like a kink in time and filling all spatial 
dimensions. This is an S2 brane. This process requires some fine tuned exchange of energy in order for the field to 
climb the barrier. 

Using the analogy with Dp-branes, we expect that the Sp-branes can also be found as explicit solutions of Ein- 
stein’s equations coupled to dilaton and antisymmetric tensor fields. 

We start with the Lagrangian for the metric, dilaton, antisymmetric tensor F,.2 = dA,,, (and setting x, = 1), 


1 
£= væļr = 38 Oupðe = Fa). (328) 


1 
2(q + 2)! 


The equations of motion have solutions similar to the ones found for black branes. In the same way that p-brane 
solutions are black hole-like, we expect that S-brane solutions correspond to time-dependent backgrounds of the 
theory, and therefore may have a cosmological interpretation. This is actually the case. 
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Figure 38: Penrose diagram for an S-brane. Note that this is a 2/2 rotation of the Schwarzschild black hole Penrose diagram. Regions I and M 
are cosmological, representing expanding and contracting cosmologies, respectively, separated by smooth horizons which are identified with the 
S-brane. Regions II and IV are static and have time-like singularities, which can be identified with negative tension end-of-the-world brane-like 
objects similar to orientifolds. Their corresponding mass and charge can be computed explicitly. 


The simplest example can be obtained for pure gravity. Starting with the Schwarzschild solution in 4d correspond- 
ing to a black hole of mass M we can perform the following analytic continuation: 


tir, r> it, 0 > ið, bd —> id (329) 
together with M — iP. The metric becomes 


2Py"' 2P 
ds? = -fı = =] dt? + j - =| dr’ +t (sinh 6 dg? + dé’), (330) 


whose surface of constant r and t is now the hyperbolic plane H rather than the two-sphere, consistent with the 
time-like nature of the S-brane. 

In addition to the symmetries of the hyperbolic space, the solution has a spacelike Killing vector £ = 0, but is now 
time-dependent, again, as expected for a S-brane. The apparent singularity at t = 2P is again a horizon. For t < 2P 
the metric is: 

d?, = - j ea 


r 


va 
dê + j = =| dre +r (sinh? 6 do? + dé’), (331) 
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which is now static with a time-like singularity at r = 0. The corresponding Penrose diagram is a 7/2 rotation of the 
Schwarzschild black hole diagram as can be seen in figure (38). 

More general solutions of will have both dilatonic and F,,2 charges (see for instance [1046] {1047]). The 
static region provides us with a way to identify this geometry correctly. It turns out that the singularities are the 
physical objects to which mass, or tension and charge can be assigned unambiguously. It was found that the two 
singularities correspond to negative tension objects, like end-of-the-world branes with opposite charge. Furthermore, 
the similarity with black hole geometry indicates that there will be particle production and we can also compute a 
generalised Hawking temperature and entropy which could have interesting cosmological interpretations. Finally, 
just as in the case of the Pre Big-Bang, ekpyrotic/cyclic and brane gas scenarios, S-branes naturally have a period 
of contraction of the universe corresponding to region III of the Penrose diagram, followed by another period of 
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Figure 39: A cartoon representation of the swampland. At low energies there are many consistent effective field theories, but only a subset of them 
can be lifted to be UV complete inside a quantum gravity theory. These correspond to the landscape. The rest are referred to as the swampland. 


expansion (region I). For further details on the cosmological interpretations of S-branes see for instance [|1046}|1047 
1048) /1049 1050 ; 


7.7. Swampland Conjectures 


The vast number of apparent string vacua has very interesting implications. As described in Chapter [6} it may be 
the only self-consistent way to explain the smallness of the dark energy and may provide a totally different approach 
to asking fundamental questions in physics, separating the ‘interesting questions’ (those that do need an explanation 
from an underlying theory) from the ‘uninteresting questions’ (those that may be explained by the presence of the 
multiverse). However, this may also lead to the belief that any theory at all may be derivable from string theory, 
resulting in a conclusion that it is impossible ever to test string theory, even in principle. 

That said, since the early days of string theory we have known that this is not true: there are some, albeit only a 
few, general physics properties that can be extracted from string theory. Namely, 


e The need for supersymmetry at the fundamental level (although the scale of its breaking is not known and it 
may take non-standard forms as in misaligned supersymmetry [|934]); 


e The existence of extra dimensions, and more concretely only 6 or 7 extra dimensions; 


e The existence of moduli fields with specific properties, in particular gravitational-strength couplings, which 
appear in very specific ways within the low-energy effective field theory; 


e The absence of an infinite number of continuous spin representations corresponding to massless particles. These 
are in principle allowed by the principles of quantum mechanics but have not been observed in nature, despite 
the lack of alternative explanations from basic principles; 


e The general absence of global symmetries in the effective field theory. 
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These general results can be complemented with general properties of the landscape, for instance, if the landscape 
is dominated by Coleman-de Luccia vacuum transitions, a general claim exists that the curvature of the Universe has 
to be negative, implying an open universe. However, the power of such general results is limited and they still allow 
for the existence of the enormous landscape resulting in limited predictive power. 

In the past few years a new approach towards addressing concrete questions from string theory has been devel- 
oped and comes under the name of swampland conjectures [842]. The idea is very simple: exploit our cumulative 
experience of string vacua to extract results that may actually be general. This program aims to state concrete con- 
jectures whose validity may be tested through further exploration of string solutions, either to confirm or rule out the 
conjecture. The overall goal of the swampland conjectures is: 


Identify which effective field theories are consistent at low energies but cannot be consistent in a UV 
completion of the theory including gravity. 


This is a modern version of what used to be known as vacuum cleaning in the sense of having a systematic 
procedure to separate the proper vacua from those that cannot be UV completed. Such conjectures can be made much 
sharper by going beyond string theory and claiming that the corresponding conjectures will hold for any theory of 
quantum gravity, string theory or otherwise. In this sense, string theory is used only to identify the corresponding 
conjectures, while the swampland approach aims not only to select string vacua, but to identify general properties of 
any theory of gravity. 

More generally, the study of UV constraints on IR physics is a blooming field that has seen many new conceptual 
and technical developments recently. While the swampland programme is one of these developments, it is worth 
mentioning a powerful approach, which simply assumes unitarity, locality, causality, and Lorentz invariance of the, 
otherwise unknown, UV completion to derive constraints on the effective field theories, (see for a recent 
overview on these ideas). Combining these approaches may bring the swampland programme to a firmer footing, for 
example via positivity bounds or bootstrap arguments. 

Over the years, a range of swampland conjectures have been put forward. They range between those that are 
strongly motivated, but with limited phenomenological or cosmological impact, to conjectures that may have a major 
impact, but which lack a robust basis and may be considered extremely speculative. There are several excellent 
reviews on this field in which a detailed discussion of the conjectures has been explained and argued in much detail 
to which we refer the reader for further details and the majority of the original references. 
Here we content ourselves by briefly mentioning those conjectures that could be more relevant for cosmology: 


1. Absence of global symmetries. A consistent theory of gravity with finite number of states cannot have exact 
global symmetries. General arguments in this direction have existed since the 1980s: both through arguments 
that — contrary to local symmetries — global symmetries are not protected by black holes after radiation, and 
also that within string theory, a conformal field theory that leads to a global symmetry also leads to a massless 
particle in the spectrum that corresponds to the gauge field of that symmetry and therefore the symmetry is not 
global but local in spacetime [1055]. More recently, further evidence has accumulated to support its validity. 
While the general impact of this result is strong, it provides only weak constraints on local symmetries with very 
weak couplings that to most practical particle physics purposes behave as global symmetries (see for instance 
[873]). 


2. Weak gravity conjecture 455]. The observational fact that we observe gravity to be the weakest force may not 
be a property only of our Universe but also of any possible universe described by a consistent theory of gravity. 
A concrete statement of this conjecture is that in any consistent theory of gravity, there should exist a particle of 
charge Q and mass M such that Q? > GM? (for which the Coulomb force is stronger than the Newtonian force) 
although more precise and generalised formulations have been proposed [1056]. This is the prime example 
of a swampland conjecture that has been argued and tested in sufficiently many ways that there exists a broad 
consensus that it is actually a correct statement. This has played a useful role in cosmology, especially when 
extended to forces mediated by scalar fields and antisymmetric tensors, and in particular when they are dual to 
axion-like-particles. The weak gravity conjecture may also then be used to constrain the axion decay constant 
that plays a role in some models of inflation. 
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Figure 40: A representation of cobordism among two manifolds for which their union is the boundary of another manifold of one extra dimension. 


3. Cobordism conjecture [1057]. Two manifolds are called cobordant if their union is the boundary of another 
manifold of one extra dimension. This defines an equivalence relation. The corresponding equivalent classes 
may define a global (topological) charge. We may generalise the absence of global charges conjecture to 
this topological case and conjecture that in a consistent theory of gravity, all cobordism classes have to be 
trivial. If the corresponding manifolds are, for instance, the 6-dimensional compact spaces, the corresponding 
4-dimensional EFTs would be separated by a domain wall (see figure (40}). If the cobordism class is trivial then 
it must admit an end-of-the-world configuration as in the Horava-Witten or bubble of nothing cases (see figure 
(41). If this conjecture holds, it may have very important implications for cosmology due to the presence of 
the boundary-ending spacetime. For recent developments in this direction see for instance [1058] [1059]. 


4. Distance conjecture [STI]. Consider an effective field theory coupled to gravity with a moduli space, M, pa- 
rameterised by massless scalar fields, ¢;, and a metric y;;(@,) which determines the scalar’s kinetic terms. In 
standard effective field theories, the consistency and trustworthiness of the dynamics of a scalar field potential 
V(@) is determined by requiring that it does not excite modes with masses above the cutoff, m = A. As long as 
this is satisfied, the range of possible values for ¢ is not bound by A. The swampland distance conjecture states 
that this no longer holds if the EFT is consistently uplifted to the UV. 


The swampland distance conjecture states that, as some modulus approaches a point at infinite geodesic distance 
in moduli space, there is an infinite tower of states, which become exponentially massless with the geodesic 
distance Ad: m ~ e~4?. These states cannot be neglected from the EFT in this limit. The prime example of such 
behaviour is when ¢ represents the size of an extra dimension and the corresponding tower of states are either 
the Kaluza-Klein or the winding modes. 


As well as infinite limits, the revised distance conjecture also states that for finite displacements, starting from 
a value ġo, at a point do + A¢ infinite towers of modes with mass of order e~4? become lighter and lighter with 
the distance in field space A¢ and so can no longer be neglected from the EFT. Although the conjecture applies 
to massless scalar fields moving along geodesic trajectories, it could in principle have implications for the field 
range in single field inflationary models and/or the amount of non-geodesicity in multifield models. However, 
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Figure 41: Trivial cobordism with only one manifold in the boundary. The cobordism conjecture states that in this case there should be an end-of-the 
world configuration. 


further work in this direction is needed to establish these possible constraints (see e.g. [1052)|1053)|1054 F] 


5. Conjectures on AdS vacua (non-supersymmetric & supermmetric): Swampland conjectures for non-supersymmetric 
AdS constructions were proposed in [1061]. These conjectures are at two levels. The first is motivated by an ex- 
tension of the weak gravity conjecture; the extension requires that the equality between electric and gravitational 
forces is saturated if and only if the underlying theory is supersymmetric and the states under consideration are 
BPS with respect to the supersymmetry. A consequence of this is that non-supersymmetric AdS solutions sup- 
ported by fluy??| are unstable as they can decay by a brane nucleation process which leads to flux depletion 
(in a process similar to that of [1062]). The stronger form of the conjecture removes the requirement that the 
AdS solution is supported by flux and states that there are no non-supersymmetric AdS solutions in a consistent 
quantum theory with low energy description in terms of Einstein gravity coupled to a finite number of matter 
fields. If correct, there will be important implication not only for moduli stabilisation (the AdS vacuum in the 
LVS scenario is non-supersymmetric) but also for applications of the AdS/CFT correspondence to condensed 
matter physics, quantum information and hadron physics since the holographic models used in this context have 
no supersymmetry. At present, the stronger form of the conjecture does not have much support (see for 
good evidence in favour of non-supersymmetric AdS vacua in O(16) x O(16) heterotic strings). The conjecture 
can be reformulated in the language of conformal field theories. Conformal field theories dual to Einstein grav- 
ity with a finite number of matter fields must satisfy the following (energy) gap condition: they can have only 
a small number of primary fields whose operator products generate all primary fields up to a energy scale that 
can be made parametrically large in the large N limit. The conjecture implies that this condition cannot be met 
in non-supersymmetric conformal field theories. For attempts to construct such non-supersymmetric conformal 
field theories meeting this condition see e.g [1063] [1064]. 


55For example, in [1060] it has been shown that backgrounds with spacetime varying scalars can lead to transplanckian motion without encoun- 
tering exponentially falling towers of states. 
56A d dimensional AdS solution is said to be supported by flux if a d-form flux field strength space-fills the AdS space. 
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For the relationship of these conjectures of other swampland conjectures, see e.g [1065]. More recently, it has 
be put forward that some supersymmetric AdS vacua such as the KKLT AdS solution and pure supergravity 


AdS lie in the swampland [132][1066]. 


. de Sitter conjecture [31]. It is well known that in string theory both anti de Sitter and Minkowski spaces are 
naturally obtained (mostly because they preserve supersymmetry), while de Sitter space is far more difficult 
to obtain: a fact which is very important for describing the current acceleration of the Universe through the 
ACDM model in terms of the string landscape and early universe inflation. 


The concrete scenarios, such as KKLT and LVS presented in previous sections, provide realisations of de 
Sitter space from string theory. However, their validity relies on the EFT analysis of the perturbative and non- 
perturbative corrections. As we discussed, the Dine-Seiberg problem that implies the runaway behaviour of the 
scalar potential for both the volume of the extra dimensions and the dilaton, suggests that in the regime where 
both perturbative expansions, g, and a’, are under full control we should be in the asymptotic runaway region 
and so de Sitter vacua at any finite value of the volume or at any non-zero string coupling are in a regime where 
the approximations cannot be fully trustable. This has led to a bold conjecture stating that there are not actually 
any de Sitter vacua in a consistent theory of gravity and that the de Sitter vacua found in the literature are only 
artifacts of the fact that the approximations used are not under full control. The original claim was: 


V 
|VV| > c—, 0<c~O(l) (332) 
Mp, 


This condition is clearly satisfied in the Dine-Seiberg runaway regime in which the approximations are under 
full control. However, the conjecture does not add further information in the weak coupling regions where 
vacua like KKLT and LVS are claimed to lie. Furthermore, the original conjecture was clearly violated by 
the Higgs potential (since at the maximum |VV| = 0,V > 0)([870) and a refined version was proposed 
adding an extra condition on the Hessian of V (32)[33]. This conjecture is clearly speculative and less motivated 
than other swampland conjectures; however, it has motivated further work exploring in more detail the validity 
and existence of de Sitter vacua in string theory, which is welcome given the importance of the claim and the 
challenge. 


. Trans-Planckian censorship conjecture [7067]. It is well known that in inflationary models, microscopic 
modes redshift due to the expansion of the universe and may become macroscopic and observable at present. 
If these modes are below the Planck length, it seems to indicate a transfer of modes from the UV to the IR 
with the UV modes in a regime beyond the validity of the corresponding EFT. The Trans-Planckian censorship 
conjecture states that in a consistent theory of gravity this UV to IR transfer should not happen, though it does 
not explain why this should be the case. This puts, for instance, an upper bound on the number of e-folds of 
inflation. Even though this conjecture has interesting implications for early universe cosmology, the relevance 


of the constraints on the (time-dependent) EFT has been questioned in e.g. [1068}|1069)|1070}|1071)|1072]. 


In summary, the swampland approach brings an interesting perspective to be considered in general discussions of 
string cosmology. Confirming, discarding or refining these conjectures may lead to relevant progress in the field of 
string cosmology and, more generally, in principle, to progress in any cosmological implications of consistent theories 
of quantum gravity. For this much work will be needed. 


7.8. Bubbles of Nothing and the Wave Function of the Universe 


One of the deepest questions a theory of gravity should eventually address is why there is something rather than 
nothing. This appears a rather philosophical question, as how to define nothingness in a physical theory is unclear. 
Clearly it is not simply the vacuum state, as we know in quantum mechanics the vacuum is not empty. But over the 
years cosmologists have proposed concrete definitions of nothing (for example, the absence of space, time and matter). 
The first explicit example was Witten’s bubble of nothing (BON) [1073]. When considering simple compactifications 
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Figure 42: An illustration of the Bubble of Nothing scenario: a transition resulting to an expanding absence of space-time. On the left we have the 
flat 4d in the horizontal and the extra dimension in the vertical with the two horizontal lines identified in a circle compactification. On the right the 
transition to the bubble of nothing. For large r it is as in the left but for smaller values of r at some point the extra dimension collapses and a bubble 
of nothing appears (a cross section is shown) and expands in time. 


of five-dimensional Kaluza-Klein theories, he found a transition from the flat five dimensional metric corresponding 
to a circular fifth dimension of radius R: ds? = ds; + R?d”, mediated by an instanton with Euclidean metric: 


dr? 


d? = ——__ 
[RP 


+r? (d@ + cos” adQ3) + (1 — R’/r’) Rdg. (333) 
Similar to the Euclidean Schwarzschild metric, this is non-singular even at r = R. But this is a minimum value of 
the coordinate r. For large r the metric is asymptotically flat. So this instanton mediates a transition from a flat 
spacetime with a circle of radius R to a spacetime with maximum value of r where the fifth dimension collapses 
which we may identify as a bubble of nothing. The interesting point is that after nucleation the further evolution of 
the bubble is through expansion at the speed of light, as can be seen by the Wick rotation 0 — it. Since cos@ > 
cosh ¢ the bubble radius increases exponentially with time eating up the full spacetime. In the 5d case, this transition 
depended on the non-existence of supersymmetry and was considered without taking into account moduli stabilisation 
of the extra dimension. Generalisations to 6d with moduli fixed by fluxes have been found with the similar dramatic 
outcome [1075]. Furthermore, it was recently argued that these bubbles of nothing are ubiquitous in string 
compactifications and may represent eventual sources of instabilities (although being non-perturbative, the 
decay rate may be much suppressed). 

The second appearance of nothing was in the creation out of nothing scenario of Vilenkin 
and the subsequent wave function of the universe of Hartle and Hawking [1080]. See also[1081] [1082] [1083]. This 
defines, within the domain of semiclassical gravity, a concrete proposal to describe the beginning of the universe from 
a state with no spacetime. So, in a sense it is the opposite of the bubble of nothing picture. 

From simple mini-superspace arguments the transition from nothing to a de Sitter space with cosmological con- 
stant given by H? > 0 is found to be of order 


na 


P = JPP œ era", (334) 


with ņ = +1 for Hartle-Hawking boundary conditions (the no boundary proposal in which the nucleated universe is 
a superposition of expanding and contracting ones) and 7 = —1 for the Vilenkin or tunneling transition (for which 
the boundary conditions are such that they only give an expanding universe). Note that, up to normalisation factors, 
the Hartle-Hawking wave function favours smaller values of the cosmological constant, making it hard to justify 
inflation, whereas the Vilenkin normalisation prefers larger values of H?. All these discussions are only within a 
simplified picture of mini-superspace and semiclassical gravity and, in principle, need to be further studied, especially 
once a proper quantum gravity theory is at hand. This has been a challenge for string theory and, despite several 
attempts, the study of such transitions is still in its infancy. 
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Note that this approach is similar in spirit to the vacuum transitions initiated by Coleman and de Luccia (CDL) 
which have been inherited in the discussions of the landscape. However, contrary to CDL transitions, here there is no 
bubble nucleated but instead a full spacetime. This can be done for de Sitter since it has finite volume but for AdS 
and Minkowski it may require introducing a cut-off in order to quantify the corresponding probability. Furthermore, 
contrary to the CDL case in which naturally the transition gives rise to an open universe, here, the de Sitter slicing 
that gives finite volume corresponds to a closed universe [1084] [385]. This is important since there have been claims 
that the main general prediction of the string landscape is that it predicts open universes and if eventually, 
in the maybe long future, open universes would be ruled out it could be a strong argument against the landscape. But 
if closed universes can be created from nothing, settling the curvature of the universe may only differentiate between 
the two mechanisms. Clearly further studies in these directions are needed{>”| For string theoretical discussions of the 
wave function of the universe see for instance [1087] [1088]. 


7.9. Holography and Cosmology 


The main theoretical development in string theory over the past 25 years has been holography. A gravitational 
theory in d dimensions is equivalent to a non-gravitational theory in (d — 1)-dimensions. One old motivation for this 
equivalence is the well known fact that the black hole entropy, being an extensive quantity, is proportional to the area of 
its horizon rather than to the internal volume of the black hole. The AdS/CFT correspondence now represents the best 
concrete definition of quantum gravity in anti-de Sitter space (AdS) since, at least in principle, the non-gravitational 
conformal field theory (CFT) on the boundary of AdS is understood, and any quantum aspects of the gravitational 
theory can be referred to concrete questions on the CFT side. 

Although technically AdS/CFT remains a conjecture, the evidence for the correspondence is by now overwhelm- 
ing. In particular, this correspondence has provided a framework which allows the black hole loss of information 
puzzle stated by Hawking almost 50 years ago to be addressed. Holography indicates that, as the CFT side is a stan- 
dard quantum system, information cannot be lost. Therefore, if the equivalence is correct, information also cannot be 
lost within the gravitational system. Furthermore, using holographic arguments it has also recently been possible to 
calculate explicitly the entanglement entropy of black holes showing the Page curve behaviour that would be expected 
if the information is not ros] 

It is therefore very appealing to try to extract cosmological implications of holography. Even though our universe is 
not of the AdS type, several approaches have been proposed, aiming to extend the success of AdS/CFT to cosmological 
questions. The general topic of holography is so vast that we will touch on it even more briefly than for previous 
subjects and refer the reader to the literature for more details. For recent reviews see for instance [1091] [7]. 


1. AdS/CFT and density perturbations in inflation. 


One possibility to use AdS/CFT for inflation is to consider a simple potential with two minima with opposite 
signs of the cosmological constant. One minimum corresponds to a stable AdS vacuum and the other to a nearby 
metastable dS vacuum. The bulk geometry near the AdS vacuum is described by boundary CFT and so this 
can be used to extract information about bubbles of the dS phase from the CFT spectrum (see however 
(382) and, through analytic continuation, connect the correlators from AdS/CFT to a potential dS/CFT . 


In a different direction, assuming that inflationary cosmology has a CFT dual there have been explicit efforts to 
quantify this relation by computing density perturbations using a QFT dual. In particular, known inflationary 
results regarding density perturbations are reproduced in the weak gravity regime. Exploring the domain of 
strongly coupled gravity by working with the weakly coupled QFT offers an alternative phenomenology to 
inflation in which an almost scale invariant spectrum of perturbations is also obtained. See e.g. 
for concrete calculations in this interesting direction. 


2. dS/CFT and dS/dS proposals. 


A dS/CFT correspondence was proposed in [1095], following parallels with the well established AdS/CFT cor- 
respondence, motivated by the close connection between dS and AdS spaces. The argument is that a boundary 


57 An important direction is bubble stability, see e.g [1086] for a recent analysis. 
58For studies of implication of entanglement (in particular Bell inequalities) in the cosmological context see {1090}. 
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at infinity of, say, dS4 corresponds to a Euclidean R3 space for which the symmetry group of de Sitter space, 
SO(4, 1) acts as the conformal group of the Euclidean R3, suggesting that a conformal field theory on this 
boundary is dual to the full 4D gravity theory in de Sitter space. 


One of the interesting outcomes of this conjecture is that the renormalisation group parameter can be identified 
with time, in much the same way it was identified with the extra spatial coordinate in the AdS/CFT case [1096]. 
One simple way to see this possibility is by writing the dS4 metric in FRW coordinates (k = 0) as 


d’? = -d? + e™ d#?, (335) 


with x the spatial coordinates and H the Hubble parameter. 

The interesting observation is that this metric is invariant under t > t + A, ¥ — e~% £ which generates time 
evolution in the 4D bulk and scale transformations on the Euclidean boundary. Late times (large values of 4) 
correspond to small distances (UV regime) whereas earlier times correspond to low energies and the IR regime. 
Generic expressions for the scale factor a(t) will not have this symmetry, but if we assume that H(t) goes to a 
constant both in the infinite past and infinite future we can follow the time evolution between two fixed points 
under the renormalisation group, which could eventually be identified with early universe inflation and also 
current acceleration. 


The monotonic evolution in time fits well with the expected c-theorem of field theories, holding in 2D, and the 
extension to the a-theorem in 4d. The RG flow then corresponds to the direction from future to past. 


As a side note, the S-branes mentioned previously were an attempt to bring this correspondence closer to the 
AdS/CFT one, with the S-branes playing the role of the D-branes in the boundary (the Euclidean R3 in the 
example above). 


A final independent and interesting alternative is the dS/dS correspondence in which a dS space is proposed to 
be dual to another dS space in one dimension less [1097||1098]. This is partly based on the simple observation 
that the de Sitter dS; metric in d dimensions can be seen as a warped compactification to dS4-1: 


ds? = do’ + sin? (=) das (336) 
Ras 


Similarly to AdS/CFT, this implies an emergent spatial dimension and warped throats (two in this case since 
the warp factor vanishes at w = 0,7Rys), but contrary to AdS/CFT the dual is no longer a field theory without 
gravity but now a lower dimensional de Sitter space with a massless graviton. 


Even though de Sitter space realisations in string theory are of interest, these potential dS/CFT or dS/dS dualities 
are not yet under firm grounds, unlike the AdS/CFT case, and much work needs to be done to turn these 
proposals into something useful for cosmology. 


Further proposals for holography and cosmology have been put forward. See for instance [1099]. 


. Islands and cosmology 


A more recent development relates to the progress regarding the information loss paradox in black holes. The 
main new ingredient here is the concept of quantum extremal surfaces (QES) to 
generalise the expression for the von Neumann entropy. This prescription gives rise to a time evolution of the 
entropy such that it increases monotonically up to a maximum point where it starts decreasing, giving rise to 
what is called a Page curve as required for a unitary evolution to address the information loss paradox. The key 
component of this calculation is an entanglement island which is a region behind the black hole horizon that 
hosts the corresponding degrees of freedom that avoid information loss [1104] [1105]. 


The details of these results are beyond the scope of this review (for a review with all the relevant references see 
for instance [1106]). However, a notable point is that these results were achieved without the need for a full 
UV completion of semiclassical gravity. This gives more credibility to semiclassical approaches to quantum 
cosmology, such as the wave function of the Universe and vacuum transitions discussed above. Furthermore, 
concepts like quantum extremal surfaces and islands may also play an important role for cosmology. This has 
been recently explored in but it is fair to say that this direction is still in 


an infancy and there is much to be explored. 


149 


4. Emergence of spacetime 


One point that may be worth pointing out is the recent ideas regarding the emergence of time. From the 
original AdS/CFT correspondence, it is clear that not only gravity but also at least one spatial dimension is 
emergent from the boundary CFT theory (in one less dimension and no gravity). More recent studies of the 
closed connection between gravitational theories and quantum entanglement have led to the proposals of getting 
spacetime from entanglement. The proposal of ER=EPR (Einstein-Rosen wormhole equivalent to the Einstein- 
Podolsky-Rosen entanglement) is a variation of this. Contrary to the emergence of spatial dimensions, the 
emergence of time has been more challenging to implement. But recent work has been done in this direction. 
See for instance [1118]. These subjects fall beyond the scope of the present 


review and we refer the reader to the papers mentioned and references therein. 


Other approaches to string cosmology have been proposed with different levels of development. We would like to 
note the cosmology of matrix models, which, even though it has not been much explored, matrix models 
are one of the few proposals (together with AdS/CFT) for a non-perturbative formulation of string theory and may 
deserve further study. We refer to the recent review for the progress and challenges of this approach. 
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8. Outlook 


Observations in the last few decades have completely transformed our view of the universe. They have also 
raised puzzles on all length scales: What drives acceleration of the present universe? Why are there super-horizon 
correlations in the CMB? What is dark matter? The standard model of cosmology, together with inflation, provides 
a paradigm to accommodate these issues, but does not explain them from a microscopic theory and clearly needs to 
be put on a more solid theoretical footing. Some of these puzzles may have their roots in quantum gravity, and hence 
cosmology and quantum gravity need to be brought together. 

String theory’s remarkable mathematical structure has repeatedly shown that it contains all the ingredients needed 
for a quantum theory of gravity — ultraviolet finiteness, an understanding of black hole entropy and explicit realisations 
of holography. However, string theory is not simply a theory of quantum gravity alone: it also comes with particles 
and interactions. This unison gives it the necessary elements to attack the present day questions in cosmology. This 
review is evidence of the tremendous progress that has been made over the years. At the same time, there remain 
many outstanding challenges; given the importance of these open questions, string cosmology requires further intense 
pursuit. 

In terms of formal aspects, understanding cosmological singularities remains the main open question. The level 
of progress made on other singular geometries (black holes), both in terms of matching microscopic counts of degrees 
of freedom with the entropy and also in terms of more quantitative understandings of how information is preserved 
in the process of Hawking radiation, makes us optimistic that in the not too far future, a proper understanding of 
cosmological big-bang singularities may be achieved. We can hope for the same regarding the status of explicit 
realisations of de Sitter space within string theory. 

It is often stated that string theory is decoupled from observational physics. Indeed, it is not possible to single 
out an in-out prediction accessible to current technology that could rule out the theory. On one hand, there are strong 
indications that the theory is unique. On the other hand, there is an embarrassment of richness once four-dimensional 
solutions are considered. Various ingredients (the possibly infinite diversity of compactification manifolds with dif- 
ferent curvatures, the huge number of quantised fluxes for each of these manifolds, the different brane configurations, 
the quantum corrections to leading order calculations, the possible non-critical solutions) all lead to a large multitude 
of vacua. And yet, despite many efforts, there is not a single string model that can be called fully realistic. Current ex- 
perimental constraints are already enough to rule out most constructions, either through tests of fifth forces, Standard 
Model matter constraints, or the existence of relics or exotic particles. 

Extracting model independent properties has always been one of the main goals in the effort to confront string 
theory with data. Particle physics constraints are very important but are intrinsically model dependent as they depend 
on the nature of gauge symmetries, chiral matter content and couplings within a model. Cosmology offers greater 
chances for universality — although some aspects are definitely model-dependent, as illustrated by the number of 
possible string candidates for inflation discussed in chapter 4. It is important to emphasise that each one of these 
represents a large class of models, as they refer to the nature of the corresponding inflaton candidate, and, in the 
best scientific tradition, they make concrete predictions that can be compared with experiments. Of the dozen or so 
scenarios listed, several of them are already in tension with data. This is a reminder that even if data cannot rule out 
string theory as such, the more standard and less ambitious programme of testing general classes of models is already 
under way. 

At this point we should emphasise that even though many string models of inflation have been constructed, none of 
them are particularly compelling. Much work therefore remains to be done regarding explicit realisations, including 
moduli stabilisation and a potential for realistic matter. This task is closely related to the existence of de Sitter solutions 
in string theory, which also require careful accounts of moduli stabilisation. Furthermore, it is worth remarking that 
most alternative scenarios to string inflation include some period of contraction, although a contracting epoch does 
not exclude a subsequent period of inflation. 

One generic aspect of string theory is the existence of many possible low-energy solutions (often referred to as the 
string landscape). Associated to the string landscape is the controversial claim that this multiplicity of vacua, together 
with anthropic arguments, can be used to address the smallness of the cosmological constant, through the population 
of a vast discretuum of vacua. Even leaving aside the controversial and unappealing aspects of anthropic arguments, 
before this approach can be claimed as successful it must also address important issues such as the population of 
the landscape and the measure problem. It has also been claimed that if our universe is the outcome of a vacuum 
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transition from another universe as predicted by the landscape, our universe should be that of an open universe] 
Even though current observations are consistent with a flat universe it may be possible that in not too far a future a 
non-zero curvature of the universe is determined. If this turns out to be closed rather than open, this would rule out 
this landscape scenario (if the open universe claim is correct). 

One more concrete, but still generic, prediction from string theory is the existence of extra dimensions and the 
associated moduli fields. These may be heavy if compactifications have no residual supersymmetry, but in supersym- 
metric compactifications the moduli are typically light and their existence can imply substantial modifications to the 
epoch between inflation and BBN. We have discussed many implications of moduli, such as kination epochs, moduli 
domination, moduli reheating, dark radiation, and the possible existence of oscillons or oscillatons. We have also 
discussed possible ways to subject these ideas to potential experimental tests. 

One appealing aspect of the swampland and bootstrap programmes is their model independent nature, as they aim 
to provide general constraints, not only on what is achievable within string theory but also on what can hold in any 
proposed theory of quantum gravity. As we discussed in the previous section, at the moment the associated constraints 
are limited. The swampland conjectures on more solid footings (such as the absence of global symmetries or the 
weak gravity conjectures) are the ones with the least phenomenological or cosmological impact, while those with 
major observational consequences (like the de Sitter or trans-Planckian conjectures) are more speculative. However, 
even setting aside their implications for potential observations, conceptually these conjectures may help to shape 
and understand the underlying quantum theory of gravity, string theory or otherwise. Progress in streamlining these 
conjectures and constructing explicit string models in accordance with them (such as those of quintessence) would be 
most welcome. 

For potential observations, just as in particle physics, any single experimental test of a string scenario can probably 
also be described within a standard effective field theory independent of string theory (as an example, moduli can 
always be described in quantum field theory simply as scalar particles with non-renormalisable interactions). The 
best we can expect at this stage is a correlation of different observations of physics beyond the Standard Model. For 
example, a string model has to explain not only the early universe but also BSM physics. Furthermore, string models 
of inflation do not end simply with the end of inflation but contain a richness of physics after inflation due to the 
moduli fields. 

Finally, the detection of gravitational waves has opened a new era in cosmology. Just as in the of case electro- 
magnetic waves, we will eventually study the universe with gravitational waves across a wide range of frequencies. 
Hopefully, these truly gravitational probes will give us the hints we need to make the relation between strings and 
cosmology a quantitative one. 

We finish with a quote of Steven Weinberg that is apt for string cosmology: 


The test of a physical theory is not that everything in it should be observable and every prediction it makes 
should be testable, but rather that enough is observable and enough predictions are testable to give us 
confidence that the theory is right. 


We hope that this review is found useful in order to identify the main achievements and challenges in this exciting 
field. Let us also be optimistic — and hope that this review is soon rendered out of date by new discoveries and new 
observations. 


9. Acknowledgements 


We thank all of our colleagues that have shaped our understanding of this field and especially our collaborators 
on the subjects related to this review, including Shehu Abdussalam, Steve Abel, Bobby Acharya, Yashar Aghababaie, 
Gerardo Aldazabal, Rouzbeh Allahverdi, Stephen Angus, Stefan Antusch, Luis Aparicio, Fien Apers, Fabio Apruzzi, 
Vikas Aragam, Tassos Avgoustidis, Vijay Balasubramanian, Arka Banerjee, Luke Barclay, Bruno V. Bento, Mar- 
cus Berg, Per Berglund, Sukannya Bhattacharya, Johan Blabick, Jose Blanco-Pillado, Ralph Blumenhagen, An- 
drea Borghese, Philippe Brax, Igor Broeckel, Cliff Burgess, Nana Cabo-Bizet, Philip Candelas, Alberto Casas, Juan 


5° This claim has been questioned recently [1122 but more work needs to be done before arriving to a definitive conclusion. 


152 


Cascales, Pablo Camara, Francesco Cefala, Sebastian Cespedes, Sarah Chadburn, Dibya Chakraborty, Athanasios 
Chatzistavrakidis, Roberta Chiovoloni, Debika Chowdhury, David Ciupke, Jim Cline, Katy Clough, Daniel Cre- 
mades, Niccoló Cribiori, Chiara Crino, Francesc Cunillera, Kumar Das, Subinoy Das, Francesca Day, Shanta de 
Alwis, Beatriz de Carlos, Xenia de la Ossa, Jean-Pierre Derendinger, Mansi Dhuria, Cristina Diamantini, Victor Diaz, 
Giuseppe Dibitetto, Kostas Dimopoulos, Eleonora Di Valentino, Danielle Dineen, Matthew Dolan, Sean D. Downes, 
Bhaskar Dutta, Koushik Dutta, Damien A. Easson, Encieh Erfani, Cristina Escoda, Hassan Firouzjahi, Anamaria 
Font, Gabriele Franciolini, Mayukh Gangopadhyay, Juan Garca-Bellido, Inaki Garcia Etxebarria, Maria Pilar Garcia 
del Moral, Fridrik Gautason, Ghazal Geshnizjani, Joaquim Gomes, Nicolas Grandi, Christophe Grojean, Andrew 
Frey, Diptimoy Ghosh, Steve Giddings, Marta Gómez-Reino, Mark Goodsell, Ruth Gregory, Veronica Guidetti, Ra- 
jesh Gupta, Ulrich Haisch, Ed Hardy, Ehsan Hatefi, Arthur Hebecker, Johnny Holland, Tristan Hubsch, Janet Hung, 
Luis Ibafiez, Joerg Jaeckel, Nicholas Jennings, Esteban Jimenez, Renata Kallosh, Denis Klevers, Tatsuo Kobayashi, 
Steve Kom, Karta Kooner, Tomi Koivisto, David Kraljic, Sven Krippendorf, Andrei Linde, Matteo Licheri, Oscar 
Loaiza-Brito, Ratul Mahanta, Mahbub Majumdar, M.C. David Marsh, Damian Mayorga Pena, Christoph Mayrhofer, 
Anupam Mazumdar, Martin Mosny, Sebastian Moster, David F. Mota, Francesco Muia, Maria Mylova, Peter Nilles, 
Sirui Ning, Gustavo Niz, Amin Nizami, Detlef Nolte, Carlos Núñez, Eimear O’Callaghan, Yessenia Olguin-Trejo, 
Stefano Orani, Ogan Ozsoy, Sonia Paban, Antonio Padilla, Eran Palti, Francisco Pedro, Nicola Pedron, Veronica 
Pasquarella, Andrew Powell, Cari Powell, Mariano Quiros, Norma Quiroz, Raúl Rabadan, Saúl Ramos-Sanchez, 
Govindan Rajesh, Seif Randjbar-Daemi, Filippo Revello, Soo-Jong Rey, Andreas Ringwald, Diederik Roest, Robert 
Rosati, Esteban Roulet, Markus Rummel, Alberto Salvio, Marco Scalisi, Andreas Schachner, Jonas Schmidt, Matthias 
Schmitz, Marco Serra, Kajal Singh, Kuver Sinha, Raffaele Savelli, Ravi Sharma, Pramod Shukla, Aninda Sinha, Yoske 
Sumitomo, Kerim Suruliz, Gianmassimo Tasinato, Flavio Tonioni, Carlo Trugenberger, Angel Uranga, Gian Paolo 
Vacca, Vivian Poulin, Roberto Valandro, Leo Van Nierop, Gonzalo Villa, Alexander Westphal, Matthew Williams, 
Danielle Wills, Lukas Witkowski, Timm Wrase, Marco Zagermann, Ren-Jie Zhang. FQ wants to particularly thank 
Cliff Burgess for 40 years of very enjoyable collaborations, some of them reported here. AM is supported in part by 
the SERB, DST, Government of India by the grant MTR/2019/000267. The work of FQ has been partially supported 
by STFC consolidated grants ST/P00068 1/1, ST/T000694/1. JC has been partially supported by STFC consolidated 
grants ST/P000770/1 and ST/T000864/1. IZ is partially funded by STFC grant ST/T000813/1 and thanks Fondazione 
Cassa di Risparmio, Bologna for financial support during her visit to Bologna, where part of this work was developed. 


For the purpose of open access, the authors have applied a Creative Commons Attribution (CC BY) licence to any 
Author Accepted Manuscript version arising. Data access statement: no new data were generated for this work. 


153 


References 


[1 
[2 
[3 
[4 
[5 
[6 
[7 


S. Dodelson, Modern Cosmology, Academic Press, Amsterdam, 2003. 
S. Weinberg, Cosmology, 2008. 
V. Mukhanov, Physical Foundations of Cosmology, Cambridge University Press, Oxford, 2005. 


doi:10.1017/CB09780511790553 
D. Baumann, Cosmology, Cambridge University Press, 2022. doi:10.1017/9781108937092 


A. S. Chou, et al., Snowmass Cosmic Frontier Report, in: 2022 Snowmass Summer Study, 2022. |arXiv:2211.09978 
D. Green, et al., Snowmass Theory Frontier: Astrophysics and Cosmology arXiv : 2209 .06854 


R. Flauger, V. Gorbenko, A. Joyce, L. McAllister, G. Shiu, E. Silverstein, Snowmass White Paper: Cosmology at the Theory Frontier, in: 
2022 Snowmass Summer Study, 2022. 

N. Aghanim, et al., Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys. 641 (2020) A6. 
10.1051/0004-6361/201833910 

S. W. Hawking, G. F. R. Ellis, The Large Scale Structure of Space-Time, Cambridge Monographs on Mathematical Physics, Cambridge 


University Press, 2011. doi:10.1017/CB09780511524646 


D. Chakraborty, R. Chiovoloni, O. Loaiza-Brito, G. Niz, I. Zavala, Fat inflatons, large turns and the 7-problem, JCAP 01 (2020) 020. 


arXiv:1908.09797 doi:10.1088/1475-7516/2020/01/020 
V. Aragam, R. Chiovoloni, S. Paban, R. Rosati, I. Zavala, Rapid-turn inflation in supergravity is rare and tachyonic, JCAP 03 (03) (2022) 


002. arXiv:2110.05516)/doi:10.1088/1475-7516/2022/03/002 
S. Bhattacharya, K. Dutta, A. Maharana, Constraints on Kahler moduli inflation from reheating, Phys. Rev. D 96 (8) (2017) 083522, 


[Addendum: Phys.Rev.D 96, 109901 (2017)]. arXiv: 1707 .07924) doi:10.1103/PhysRevD .96.083522 


S. Bhattacharya, K. Dutta, M. R. Gangopadhyay, A. Maharana, Confronting Kahler moduli inflation with CMB data, Phys. Rev. D 97 (12) 


(2018) 123533. arXiv:1711.04807 |doi:10.1103/PhysRevD .97 . 123533 


V. F. Mukhanov, H. A. Feldman, R. H. Brandenberger, Theory of cosmological perturbations. Part 1. Classical perturbations. Part 2. 
Quantum theory of perturbations. Part 3. Extensions, Phys. Rept. 215 (1992) 203-333. 
A. Riotto, Inflation and the theory of cosmological perturbations, ICTP Lect. Notes Ser. 14 (2003) 317-413. 
S. M. Leach, A. R. Liddle, Inflationary perturbations near horizon crossing, Phys. Rev. D 63 (2001) 043508. 


S. M. Leach, M. Sasaki, D. Wands, A. R. Liddle, Enhancement of superhorizon scale inflationary curvature perturbations, Phys. Rev. D 64 


(2001) 023512. arXiv: astro-ph/0101406|/doi:10.1103/PhysRevD.64.023512 


O. Ozsoy, S. Parameswaran, G. Tasinato, I. Zavala, Mechanisms for Primordial Black Hole Production in String Theory, JCAP 07 (2018) 
005. arXiv:1803.07626,|doi:10.1088/1475-7516/2018/07/005 


M. Mylova, O. Ozsoy, S. Parameswaran, G. Tasinato, I. Zavala, A new mechanism to enhance primordial tensor fluctuations in single field 
inflation, ICAP 12 (2018) 024, arXiv: 1608..10475 [doi : 10. 1086/i475-7516/20i8/12/024 

J. Garcia-Bellido, D. Roest, M. Scalisi, I. Zavala, Lyth bound of inflation with a tilt, Phys. Rev. D 90 (12) (2014) 123539. 
doi:10.1103/PhysRevD .90.123539 

D. H. Lyth, What would we learn by detecting a gravitational wave signal in the cosmic microwave background anisotropy?, Phys. Rev. 


Lett. 78 (1997) 1861-1863. arXiv: hep-ph/9606387 |doi:10.1103/PhysRevLett .78.1861 
L. Boubekeur, D. H. Lyth, Hilltop inflation, JCAP 07 (2005) 010. arXiv: hep-ph/0502047| doi: 10.1088/1475-7516/2005/07/010 


Y. Akrami, et al., Planck 2018 results. X. Constraints on inflation, Astron. Astrophys. 641 (2020) A10. 
10.1051/0004-6361/201833887 

P. A. R. Ade, et al., Improved Constraints on Primordial Gravitational Waves using Planck, WMAP, and BICEP/Keck Observations through 
the 2018 Observing Season, Phys. Rev. Lett. 127 (15) (2021) 151301./arXiv:2110.00483|doi:10.1103/PhysRevLett . 127. 151301 
J.-O. Gong, Multi-field inflation and cosmological perturbations, Int. J. Mod. Phys. D 26 (01) (2016) 1740003. 
A. Achucarro, J.-O. Gong, S. Hardeman, G. A. Palma, S. P. Patil, Features of heavy physics in the CMB power spectrum, JCAP 01 (2011) 
030. 

A. Hetz, G. A. Palma, Sound Speed of Primordial Fluctuations in Supergravity Inflation, Phys. Rev. Lett. 117 (10) (2016) 101301. 
1601.05457 doi:10.1103/PhysRevLett.117.101301 

P. Christodoulidis, D. Roest, E. I. Sfakianakis, Angular inflation in multi-field @-attractors, JCAP 11 (2019) 002. 
V. Aragam, S. Paban, R. Rosati, The Multi-Field, Rapid-Turn Inflationary Solution, JHEP 03 (2021) 009. 


S. Renaux-Petel, Inflation with strongly non-geodesic motion: theoretical motivations and observational imprints, PoS EPS-HEP2021 


(2022) 128. 
G. Obied, H. Ooguri, L. Spodyneiko, C. Vafa, De Sitter Space and the SwamplancarXiv: 1806 .08362 

S. K. Garg, C. Krishnan, Bounds on Slow Roll and the de Sitter Swampland, IHD O 0 [eet TTB BTS doi:10.1007/ 
H. Ooguri, E. Palti, G. Shiu, C. Vafa, Distance and de Sitter Conjectures on the Swampland, Phys. Lett. B 788 (2019) 180-184. 
doi:10.1016/j.physletb.2018.11.018 

A. Achucarro, G. A. Palma, The string swampland constraints require multi-field inflation, JCAP 02 (2019) 041. 


doi:10.1088/1475-7516/2019/02/041 
Y. Akrami, et al., Planck 2018 results. IX. Constraints on primordial non-Gaussianity, Astron. Astrophys. 641 (2020) A9. 


05697 |doi:10.1051/0004-6361/201935891 


A. Maleknejad, M. M. Sheikh-Jabbari, J. Soda, Gauge Fields and Inflation, Phys. Rept. 528 (2013) 161-261. JarXiv:1212.2921 


10.1016/j .physrep.2013.03.003 


154 


C. Wetterich, Cosmology and the Fate of Dilatation Symmetry, Nucl. Phys. B 302 (1988) 668-696. arXiv:1711.03844)doi:10.1016/ 


0550-3213(88) 90193-9 

. J. E. Peebles, B. Ratra, Cosmology with a Time Variable Cosmological Constant, Astrophys. J. Lett. 325 (1988) L17. doi:10.1086/ 
185100 

. Ratra, P. J. E. Peebles, Cosmological Consequences of a Rolling Homogeneous Scalar Field, Phys. Rev. D 37 (1988) 3406. 
10.1103/PhysRevD . 37 . 3406 

R. R. Caldwell, R. Dave, P. J. Steinhardt, Cosmological imprint of an energy component with general equation of state, Phys. Rev. Lett. 80 


(1998) 1582-1585. arXiv:astro-ph/9708069 doi:10.1103/PhysRevLett .80.1582 
E. J. Copeland, M. Sami, S. Tsujikawa, Dynamics of dark energy, Int. J. Mod. Phys. D 15 (2006) 1753-1936. arXiv: hep-th/0603057 


doi:10.1142/S8021827180600942x 
E. V. Linder, The Dynamics of Quintessence, The Quintessence of Dynamics, Gen. Rel. Grav. 40 (2008) 329-356. 
S. Tsujikawa, Quintessence: A Review, Class. Quant. Grav. 30 (2013) 214003. 


14003 
A. G. Riess, S. Casertano, W. Yuan, L. M. Macri, D. Scolnic, Large Magellanic Cloud Cepheid Standards Provide a 1% Foundation for 
the Determination of the Hubble Constant and Stronger Evidence for Physics beyond ACDM, Astrophys. J. 876 (1) (2019) 85. 


1903.07603 |doi:10.3847/1538-4357/ab1422 
E. Di Valentino, O. Mena, S. Pan, L. Visinelli, W. Yang, A. Melchiorri, D. F. Mota, A. G. Riess, J. Silk, In the realm of the Hubble 


tension—a review of solutions, Class. Quant. Grav. 38 (15) (2021) 153001. arXiv: 2103.01183) doi:10.1088/1361-6382/ac086d 
G. Efstathiou, A Lockdown Perspective on the Hubble Tension (with comments from the SHOES team)arXiv: 2007 . 10716 
N. Schoneberg, G. Franco Abellan, A. Perez Sanchez, S. J. Witte, V. Poulin, J. Lesgourgues, The HO Olympics: A fair ranking of proposed 


models, Phys. Rept. 984 (2022) 1-55. arXiv:2107.10291 doi:10.1016/j.physrep.2022.07.001 


E. Abdalla, et al., Cosmology intertwined: A review of the particle physics, astrophysics, and cosmology associated with the cosmological 


tensions and anomalies, JHEAp 34 (2022) 49-211. arXiv: 2203.06142 doi:10.1016/j.jheap.2022.04.002 


M. Kreuzer, H. Skarke, Complete classification of reflexive polyhedra in four-dimensions, Adv. Theor. Math. Phys. 4 (2000) 1209-1230. 

doi:10.4310/ATMP .2000.v4.n6.a2 

M. Demirtas, A. Rios-Tascon, L. McAllister, CYTools: A Software Package for Analyzing Calabi- Yau ManifoldsarXiv : 2211 .03823) 

H. Ooguri, C. Vafa, On the Geometry of the String Landscape and the Swampland, Nucl. Phys. B 766 (2007) 
605264 doi:10.1016/j.nuclphysb.2006.10.033 

B. Valeixo Bento, D. Chakraborty, S. Parameswaran, I. Zavala, A guide to frames, 27’s, scales and corrections in string compactifica- 

tionfarXiv: 2301 .05178| 

M. Dine, N. Seiberg, Nonrenormalization Theorems in Superstring Theory, Phys. Rev. Lett. 57 (1986) 2625. (doi:10.1103/ 


E. Silverstein, TASI / PiTP / ISS lectures on moduli and microphysics, in: Theoretical Advanced Study Institute in Elementary Particle 


Physics (TASI 2003): Recent Trends in String Theory, 2004, pp. 381-415. arXiv: hep-th/0405068 doi: 10.1142/9789812775108_ 
0004 

M. Grana, Flux compactifications in string theory: A Comprehensive review, Phys. Rept. 423 (2006) 91-158. arXiv: hep-th/0509003 
doi:10.1016/j.physrep.2005.10.008 

M. R. Douglas, S. Kachru, Flux compactification, Rev. Mod. Phys. 79 (2007) 733-796. |arXiv:hep-th/0610102) \doi:10.1103/ 


RevModPhys.79.733 

F. Denef, M. R. Douglas, S. Kachru, Physics of String Flux Compactifications, Ann. Rev. Nucl. Part. Sci. 57 (2007) 119-144. 
doi:10.1146/annurev.nucl.57.090506. 123042 

F. Denef, Les Houches Lectures on Constructing String Vacua, Les Houches 87 (2008) 483-610. 

T. Weigand, F-theory, PoS TASI2017 (2018) 016. 

A. Hebecker, Lectures on Naturalness, String Landscape and MultiversearXiv : 2008. 10625. 

L. E. Ibanez, A. M. Uranga, String theory and particle physics: An introduction to string phenomenology, Cambridge University Press, 
2012. 

S. B. Giddings, The Fate of four-dimensions, Phys. Rev. D 68 (2003) 026006. 
026006 

J. M. Maldacena, The Large N limit of superconformal field theories and supergravity, Adv. Theor. Math. Phys. 2 (1998) 231-252. 
doi:10.1023/A: 1026654312961 

K. Becker, M. Becker, M. Haack, J. Louis, Supersymmetry breaking and alpha-prime corrections to flux induced potentials, JHEP 06 
(2002) 060 

K. S. Narain, M. H. Sarmadi, C. Vafa, Asymmetric Orbifolds, Nucl. Phys. B 288 (1987) 551, |doi:10.1016/0550- 3213 (87) 90228-8] 


R. Blumenhagen, L. Gorlich, B. Kors, D. Lust, Asymmetric orbifolds, noncommutative geometry and type I string vacua, Nucl. Phys. B 


582 (2000) 44-64 
E. Silverstein, (A)dS backgrounds from asymmetric orientifolds, Clay Mat. Proc. 1 (2002) 179. 

M. Dine, N. Seiberg, Is the Superstring Weakly Coupled?, Phys. Lett. B 162 (1985) 299-302. 
G. W. Gibbons, Aspects of Supergravity Theories, in: XV GIFT Seminar on Supersymmetry and Supergravity, 1984. 

B. de Wit, D. J. Smit, N. D. Hari Dass, Residual Supersymmetry of Compactified D=10 Supergravity, Nucl. Phys. B 283 (1987) 165. 


J. M. Maldacena, C. Nunez, Supergravity description of field theories on curved manifolds and a no go theorem, Int. J. Mod. Phys. A 16 


(2001) 822-855. arXiv: hep-th/0007018 |doi:10.1142/S0217751X01003937 


S. R. Green, E. J. Martinec, C. Quigley, S. Sethi, Constraints on String Cosmology, Class. Quant. Grav. 29 (2012) 075006. 
1110.0545| doi: 10.1088/0264-9381/29/7/075006 


as) 


ive 


N 


155 


F. F. Gautason, D. Junghans, M. Zagermann, On Cosmological Constants from alpha’-Corrections, JHEP 06 (2012) 029. arXiv:1204. 
0807, doi:10.1007/JHEP06 (2012) 029 


C. Quigley, Gaugino Condensation and the Cosmological Constant, JHEP 06 (2015) 104. |arXiv:1504.00652, doi:10.1007/ 
JHEP06 (2015) 104 
D. Kutasov, T. Maxfield, I. Melnikov, S. Sethi, Constraining de Sitter Space in String Theory, Phys. Rev. Lett. 115 (7) (2015) 071305. 


arXiv: 1504.00056 |doi:10.1103/PhysRevLett.115.071305 


I. Basile, S. Lanza, de Sitter in non-supersymmetric string theories: no-go theorems and brane-worlds, JHEP 10 (2020) 108. 
Z. K. Baykara, D. Robbins, S. Sethi, Non-Supersymmetric AdS from String TheoryarXiv:2212.02557, 
T. Banks, The Top 10%% Reasons Not to Believe in the Landscap 
T. Banks, On the Limits of Effective Quantum Field Theory: Eternal Inflation, Landscapes, and Other Mythical Beast¢arXiv: 1910. | 
12817 

T. D. Brennan, F. Carta, C. Vafa, The String Landscape, the Swampland, and the Missing Corner, PoS TASI2017 (2017) 015. 
U. H. Danielsson, T. Van Riet, What if string theory has no de Sitter vacua?, Int. J. Mod. Phys. D 27 (12) (2018) 1830007. 
1804.01120 |doi:10.1142/S0218271818300070 

S. Sethi, Supersymmetry Breaking by Fluxes, JHEP 10 (2018) 022. 

S. B. Giddings, S. Kachru, J. Polchinski, Hierarchies from fluxes in string compactifications, Phys. Rev. D 66 (2002) 106006. 
doi:10.1103/PhysRevD.66.106006 

K. Dasgupta, G. Rajesh, S. Sethi, M theory, orientifolds and G - flux, JHEP 08 (1999) 023. 
S. Gukov, C. Vafa, E. Witten, CFT’s from Calabi- Yau four folds, Nucl. Phys. B 584 (2000) 69-108, [Erratum: Nucl.Phys.B 608, 477-478 


(2001)]. arXiv: hep-th/9906070 |doi:10.1016/S0550-3213(00)00373-4 


G. Curio, A. Klemm, D. Lust, S. Theisen, On the vacuum structure of type II string compactifications on Calabi-Yau spaces with H fluxes, 
Nucl. Phys. B 609 (2001) 3-45. 

T. R. Taylor, C. Vafa, R R flux on Calabi- Yau and partial supersymmetry breaking, Phys. Lett. B 474 (2000) 130-137. 
doi:10.1016/S0370- 2693 (00)00005-8 

J. Michelson, Compactifications of type IIB strings to four-dimensions with nontrivial classical potential, Nucl. Phys. B 495 (1997) 127- 


148. arXiv: hep-th/9610151) doi: 10.1016/S0550-3213(97)00184-3 


T. W. Grimm, J. Louis, The Effective action of N = 1 Calabi-Yau orientifolds, Nucl. Phys. B 699 (2004) 387-426. 


0403067 |doi:10.1016/j.nuclphysb.2004.08.005 


R. Bousso, J. Polchinski, Quantization of four form fluxes and dynamical neutralization of the cosmological constant, JHEP 06 (2000) 006. 


arXiv:hep-th/0004134) doi:10.1088/1126-6708/2000/06/006 


J. L. Feng, J. March-Russell, S. Sethi, F. Wilczek, Saltatory relaxation of the cosmological constant, Nucl. Phys. B 602 (2001) 307-328. 
L. Susskind, The Anthropic landscape of string theory (2003) 247-26€arXiv : hep-th/0302219 
S. Kachru, M. B. Schulz, S. Trivedi, Moduli stabilization from fluxes in a simple IIB orientifold, JHEP 10 (2003) 007. 
0201028 

A. R. Frey, J. Polchinski, N=3 warped compactifications, Phys. Rev. D 65 (2002) 126009. 
A. Giryavets, S. Kachru, P. K. Tripathy, S. P. Trivedi, Flux compactifications on Calabi- Yau threefolds, JHEP 04 (2004) 003. 
A. Giryavets, S. Kachru, P. K. Tripathy, On the taxonomy of flux vacua, JHEP 08 (2004) 002. 
J. P. Conlon, F. Quevedo, On the explicit construction and statistics of Calabi-Yau flux vacua, JHEP 10 (2004) 039. 
M. Cicoli, M. Licheri, R. Mahanta, A. Maharana, Flux vacua with approximate flat directions, JHEP 10 (2022) 086. 
doi:10.1007/JHEP10 (2022) 086 

T. Coudarchet, F. Marchesano, D. Prieto, M. A. Urkiola, Analytics of type IIB flux vacua and their mass spectrearXiv:2212.02533 


I. Bena, J. Blaback, M. Grana, S. Lust, The tadpole problem, JHEP 11 (2021) 223. arXiv: 2010.10519) doi:10.1007/JHEP11 (2021) 


223 


F. Marchesano, D. Prieto, M. Wiesner, F-theory flux vacua at large complex structure, JHEP 08 (2021) 077. arXiv: 2105.09326 


10.1007/JHEPO8 (2021) 077 

E. Plauschinn, The tadpole conjecture at large complex-structure, JHEP 02 (2022) 206. 
JHEPO2 (2022) 206 

M. Graña, T. W. Grimm, D. van de Heisteeg, A. Herraez, E. Plauschinn, The tadpole conjecture in asymptotic limits, JHEP 08 (2022) 237. 
S. Lust, Large complex structure flux vacua of IIB and the Tadpole ConjecturearXiv : 2109 . 05033] 
S. Lust, M. Wiesner, The Tadpole Conjecture in the Interior of Moduli SpacearXiv:2211.05128 
K. Becker, E. Gonzalo, J. Walcher, T. Wrase, Fluxes, Vacua, and Tadpoles meet Landau-Ginzburg and Ferma’ 

L. Randall, R. Sundrum, A Large mass hierarchy from a small extra dimension, Phys. Rev. Lett. 83 (1999) 3370-3373. 
doi:10.1103/PhysRevLett . 83.3370 

L. Randall, R. Sundrum, An Alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690-4693. 
I. R. Klebanov, M. J. Strassler, Supergravity and a confining gauge theory: Duality cascades and chi SB resolution of naked singularities, 


156 


[110 
[111 


[112 
[113 


[114 
[115 
[116 
[117 
[118 
[119 
[120 
[121 
[122 
[123 
[124 
[125 
[126 
[127 
[128 
[129 


[130 
[131 


[132 
[133 
[134 
[135 
[136 
[137 
[138 
[139 
[140 
[141 


[142 


JHEP 08 (2000) 052. arXiv :hep-th/0007191| doi:10.1088/1126-6708/2000/08/052 


M. Cicoli, A. Schachner, P. Shukla, Systematics of type IIB moduli stabilisation with odd axions, JHEP 04 (2022) 003. arXiv:2109. 
14624) doi:10.1007/JHEP04 (2022) 003 
C. P. Burgess, C. Escoda, F. Quevedo, Nonrenormalization of flux superpotentials in string theory, JHEP 06 (2006) 044. 


0510213 doi:10.1088/1126-6708/2006/06/044 
E. Witten, New Issues in Manifolds of SU(3) Holonomy, Nucl. Phys. B 268 (1986) 79. doi:10.1016/0550-3213 (86) 90202-6 
doi:10.1016/ 


C. P. Burgess, A. Font, F. Quevedo, Low-Energy Effective Action for the Superstring, Nucl. Phys. B 272 (1986) 661-676. 
0550-3213 (86) 90239-7 

E. Cremmer, S. Ferrara, C. Kounnas, D. V. Nanopoulos, Naturally Vanishing Cosmological Constant in N=1 Supergravity, Phys. Lett. B 
133 (1983) 61. doi: 10.1016/0370-2693(63)90106-5 

J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos, K. Tamvakis, No-Scale Supersymmetric Standard Model, Phys. Lett. B 134 (1984) 429. 
R. Blumenhagen, M. Cvetic, S. Kachru, T. Weigand, D-Brane Instantons in Type II Orientifolds, Ann. Rev. Nucl. Part. Sci. 59 (2009) 
269-296, 

S. Kachru, R. Kallosh, A. D. Linde, S. P. Trivedi, De Sitter vacua in string theory, Phys. Rev. D 68 (2003) 046005. 
0301240 


V. Balasubramanian, P. Berglund, J. P. Conlon, F. Quevedo, Systematics of moduli stabilisation in Calabi- Yau flux compactifications, JHEP 


03 (2005) 007. arXiv: hep-th/0502058) doi: 10.1088/1126-6708/2005/03/007 


G. von Gersdorff, A. Hebecker, Kahler corrections for the volume modulus of flux compactifications, Phys. Lett. B 624 (2005) 270-274. 
doi:10.1016/j.physletb.2005.08.024 

M. Berg, M. Haack, B. Kors, On volume stabilization by quantum corrections, Phys. Rev. Lett. 96 (2006) 021601. 
A. Westphal, de Sitter string vacua from Kahler uplifting, JHEP 03 (2007) 102. 
M. Cicoli, A. Maharana, F. Quevedo, C. P. Burgess, De Sitter String Vacua from Dilaton-dependent Non-perturbative Effects, JHEP 06 


(2012) O11. arXiv:1203.1750) doi:10.1007/JHEP06(2012)011 


D. Gallego, M. C. D. Marsh, B. Vercnocke, T. Wrase, A New Class of de Sitter Vacua in Type IIB Large Volume Compactifications, JHEP 


10 (2017) 193. arXiv:1707.01095 |doi:10.1007/JHEP10(2017)193 


I. Antoniadis, Y. Chen, G. K. Leontaris, Perturbative moduli stabilisation in type IIB/F-theory framework, Eur. Phys. J. C 78 (9) (2018) 


766. arXiv: 1803.08941, doi:10.1140/epjc/s10052-018-6248-4 


S. AbdusSalam, S. Abel, M. Cicoli, F. Quevedo, P. Shukla, A systematic approach to Kahler moduli stabilisation, JHEP 08 (08) (2020) 


047. ar ¥iv:2008 .11329] doi 10. 1007/ JHEPO8 (2020)047| 

E. Witten, Nonperturbative superpotentials in string theory, Nucl. Phys. B 474 (1996) 343-360. 
R. Kallosh, D. Sorokin, Dirac action on M5 and M2 branes with bulk fluxes, JHEP 05 (2005) 005. 
R. Kallosh, A.-K. Kashani-Poor, A. Tomasiello, Counting fermionic zero modes on M5 with fluxes, JHEP 06 (2005) 069. 
M. Bianchi, A. Collinucci, L. Martucci, Magnetized E3-brane instantons in F-theory, JHEP 12 (2011) 045. 
10.1007/JHEP12(2011)045 

M. Kim, On D3-brane Superpotentia/arXiv : 2207 .01440) 

S. Alexandrov, A. H. Firat, M. Kim, A. Sen, B. Stefariski, D-instanton induced superpotential, JHEP 07 (2022) 090. 
doi:10.1007/JHEPO7 (2022) 090 


S. Lust, C. Vafa, M. Wiesner, K. Xu, Holography and the KKLT scenario, JHEP 10 (2022) 188. arXiv:2204.07171 doi:10.1007/ 


JHEP 10 (2022) 188 

F. Denef, M. R. Douglas, Distributions of flux vacua, JHEP 05 (2004) 072.|arXiv:hep-th/0404116 doi:10.1088/1126-6708/2004/ 
05/072 

M. Demirtas, M. Kim, L. Mcallister, J. Moritz, Vacua with Small Flux Superpotential, Phys. Rev. Lett. 124 (21) (2020) 211603. 


1912.10047| doi:10.1103/PhysRevLett .124.211603 


M. Demirtas, M. Kim, L. McAllister, J. Moritz, A. Rios-Tascon, Small cosmological constants in string theory, JHEP 12 (2021) 136. 


arXiv:2107.09064 doi:10.1007/JHEP12 (2021) 136 
A. Cole, A. Schachner, G. Shiu, Searching the Landscape of Flux Vacua with Genetic Algorithms, JHEP 11 (2019) 045. arXiv:1907. 


10072 |\doi:10.1007/JHEP11 (2019) 045 


F. Denef, M. R. Douglas, B. Florea, Building a better racetrack, JHEP 06 (2004) 034. arXiv:hep-th/0404257, doi:10.1088/ 
1126-6708/2004/06/034 
K. Choi, A. Falkowski, H. P. Nilles, M. Olechowski, S. Pokorski, Stability of flux compactifications and the pattern of supersymmetry 


breaking, JHEP 11 (2004) 076. arXiv: hep-th/0411066 doi: 10.1088/1126-6708/2004/11/076 


K. Choi, A. Falkowski, H. P. Nilles, M. Olechowski, Soft supersymmetry breaking in KKLT flux compactification, Nucl. Phys. B 718 


(2005) 113-133. arXiv: hep-th/0503216 doi:10.1016/j.nuclphysb.2005.04.032 


F. Denef, M. R. Douglas, B. Florea, A. Grassi, S. Kachru, Fixing all moduli in a simple f-theory compactification, Adv. Theor. Math. Phys. 


9 (6) (2005) 861-929. |jarXiv:hep-th/0503124 doi:10.4310/ATMP.2005.v9.n6.a1 


M. Cicoli, J. P. Conlon, F. Quevedo, General Analysis of LARGE Volume Scenarios with String Loop Moduli Stabilisation, JHEP 10 


(2008) 105. arXiv :0805.1029  doi:10.1088/1126-6708/2008/10/105 


M. Cicoli, D. Ciupke, S. de Alwis, F. Muia, a’ Inflation: moduli stabilisation and observable tensors from higher derivatives, JHEP 09 


(2016) 026. arXiv:1607.01395| doi:10.1007/JHEPO9 (2016) 026 
157 


[143 
[144 
[145 
[146 
[147 
[148 
[149 
[150 
[151 
[152 
[153 
[154 
[155 
[156 


[157 
[158 


[159 
[160 
[161 
[162 
[163 
[164 
[165 
[166 


[167 
[168 


[169 
[170 
[171 
[172 
[173 
[174 
[175 


[176 


J. P. Conlon, F. Quevedo, K. Suruliz, Large-volume flux compactifications: Moduli spectrum and D3/D7 soft supersymmetry breaking, 


JHEP 08 (2005) 007. arXiv :hep-th/0505076| doi:10.1088/1126-6708/2005/08/007 


M. Berg, M. Haack, E. Pajer, Jumping Through Loops: On Soft Terms from Large Volume Compactifications, JHEP 09 (2007) 031. 


R. Blumenhagen, S. Moster, E. Plauschinn, Moduli Stabilisation versus Chirality for MSSM like Type IIB Orientifolds, JHEP 01 (2008) 
058, 

J. P. Conlon, F. G. Pedro, Moduli Redefinitions and Moduli Stabilisation, JHEP 06 (2010) 082. 
M. Cicoli, C. Mayrhofer, R. Valandro, Moduli Stabilisation for Chiral Global Models, JHEP 02 (2012) 062. 
M. Cicoli, S. Krippendorf, C. Mayrhofer, F. Quevedo, R. Valandro, D-Branes at del Pezzo Singularities: Global Embedding and Moduli 


Stabilisation, JHEP 09 (2012) 019. arXiv : 1206.5237  doi:10.1007/ JHEPO9 (2012) 019 
M. Cicoli, S. Krippendorf, C. Mayrhofer, F. Quevedo, R. Valandro, D3/D7 Branes at Singularities: Constraints from Global Embedding 


and Moduli Stabilisation, JHEP 07 (2013) 150. 

M. Cicoli, D. Klevers, S. Krippendorf, C. Mayrhofer, F. Quevedo, R. Valandro, Explicit de Sitter Flux Vacua for Global String Models 
with Chiral Matter, JHEP 05 (2014) 001. 

M. Reece, W. Xue, SUSY’s Ladder: reframing sequestering at Large Volume, JHEP 04 (2016) 045. 
M. Cicoli, F. Muia, P. Shukla, Global Embedding of Fibre Inflation Models, JHEP 11 (2016) 182. 
M. Cicoli, I. Garcia-Etxebarria, C. Mayrhofer, F. Quevedo, P. Shukla, R. Valandro, Global Orientifolded Quivers with Inflation, JHEP 11 


(2017) 134. arXiv:1706.06128) doi:10.1007/JHEP11 (2017) 134 


M. Cicoli, D. Ciupke, V. A. Diaz, V. Guidetti, F. Muia, P. Shukla, Chiral Global Embedding of Fibre Inflation Models, JHEP 11 (2017) 
207. 

M. Cicoli, I. n. G. Etxebarria, F. Quevedo, A. Schachner, P. Shukla, R. Valandro, The Standard Model quiver in de Sitter string compactifi- 
cations, JHEP 08 (2021) 109. |arXiv:2106. 11964) doi: 10. 1007/ JHEPOB (2021) 109] 

X. Gao, A. Hebecker, S. Schreyer, G. Venken, The LVS parametric tadpole constraint, JHEP 07 (2022) 056. 
D. Junghans, LVS de Sitter Vacua are probably in the SwamplandarXiv:2201.03572) 

G. K. Leontaris, P. Shukla, Stabilising all Kahler moduli in perturbative LVS, JHEP 07 (2022) 047. 
D. Junghans, Topological constraints in the LARGE-volume scenario, JHEP 08 (2022) 226. 
M. Cicoli, J. P. Conlon, A. Maharana, F. Quevedo, A Note on the Magnitude of the Flux Superpotential, JHEP 01 (2014) 027. 
J. Louis, M. Rummel, R. Valandro, A. Westphal, Building an explicit de Sitter, JHEP 10 (2012) 163. 
O. DeWolfe, S. B. Giddings, Scales and hierarchies in warped compactifications and brane worlds, Phys. Rev. D 67 (2003) 066008. 
doi:10.1103/PhysRevD . 67 . 066008 

S. P. de Alwis, On Potentials from fluxes, Phys. Rev. D 68 (2003) 126001. 
[26001] 


S. B. Giddings, A. Maharana, Dynamics of warped compactifications and the shape of the warped landscape, Phys. Rev. D 73 (2006) 


126008, 

A. R. Frey, A. Maharana, Warped spectroscopy: Localization of frozen bulk modes, JHEP 08 (2006) 021. 
C. P. Burgess, P. G. Camara, S. P. de Alwis, S. B. Giddings, A. Maharana, F. Quevedo, K. Suruliz, Warped Supersymmetry Breaking, JHEP 
04 (2008) 053. 

M. R. Douglas, J. Shelton, G. Torroba, Warping and supersymmetry breakingarXiv:0704.4001. 
G. Shiu, G. Torroba, B. Underwood, M. R. Douglas, Dynamics of Warped Flux Compactifications, JHEP 06 (2008) 024. 
M. R. Douglas, G. Torroba, Kinetic terms in warped compactifications, JHEP 05 (2009) 013. 
A. R. Frey, G. Torroba, B. Underwood, M. R. Douglas, The Universal Kahler Modulus in Warped Compactifications, JHEP 01 (2009) 036. 
L. Martucci, Warping the Kahler potential of F-theory/IIB flux compactifications, JHEP 03 (2015) 067. 


M. Berg, M. Haack, B. Kors, String loop corrections to Kahler potentials in orientifolds, JHEP 11 (2005) 030. 
doi:10.1088/1126-6708/2005/11/030 

M. Cicoli, J. P. Conlon, F. Quevedo, Systematics of String Loop Corrections in Type IIB Calabi-Yau Flux Compactifications, JHEP 01 
(2008) 052. 

F. Bonetti, M. Weissenbacher, The Euler characteristic correction to the Kahler potential revisited, JHEP 01 (2017) 003. 
D. Ciupke, J. Louis, A. Westphal, Higher-Derivative Supergravity and Moduli Stabilization, JHEP 10 (2015) 094. 
T. W. Grimm, K. Mayer, M. Weissenbacher, Higher derivatives in Type II and M-theory on Calabi-Yau threefolds, JHEP 02 (2018) 127. 


158 


[177 
[178 
[179 
[180 
[181 
[182 


[183 
[184 


[185 
[186 
[187 


[188 
[189 


[190 
[191 
[192 
[193 
[194 


[195 
[196 


[197 
[198 
[199 
[200 


[201 
[202 


[203 
[204 


[205 
[206 
[207 
[208 
[209 
[210 


[211 


arXiv:1702.08404 doi:10.1007/JHEPO2 (2018) 127 
M. Berg, M. Haack, J. U. Kang, S. Sjors, Towards the one-loop Kahler metric of Calabi-Yau orientifolds, JHEP 12 (2014) 077. 


1407 .0027| doi: 10.1007/JHEP12(2014)077 
M. Haack, J. U. Kang, One-loop Einstein-Hilbert term in minimally supersymmetric type IIB orientifolds, JHEP 02 (2016) 160. 


M. Haack, J. U. Kang, Field redefinitions and Kahler potential in string theory at 1-loop, JHEP 08 (2018) 019. 

J. P. Conlon, Gauge Threshold Corrections for Local String Models, JHEP 04 (2009) 059. 
J. P. Conlon, E. Palti, Gauge Threshold Corrections for Local Orientifolds, JHEP 09 (2009) 019. 
T. W. Grimm, R. Savelli, M. Weissenbacher, On \alpha’ corrections in N=1 F-theory compactifications, Phys. Lett. B 725 (2013) 431-436. 

R. Minasian, T. G. Pugh, R. Savelli, F-theory at order a”, JHEP 10 (2015) 050. arXiv: 1506 . 06756) 

M. Cicoli, F. Quevedo, R. Savelli, A. Schachner, R. Valandro, Systematics of the @’ expansion in F-theory, JHEP 08 (2021) 099. 
2106. 04592 

C. P. Burgess, A. Maharana, F. Quevedo, Uber-naturalness: unexpectedly light scalars from supersymmetric extra dimensions, JHEP 05 

(2011) 010 

J. P. Conlon, Moduli Stabilisation and Applications in IIB String Theory, Fortsch. Phys. 55 (2007) 287-422. 

C. P. Burgess, M. Cicoli, D. Ciupke, S. Krippendorf, F. Quevedo, UV Shadows in EFTs: Accidental Symmetries, Robustness and No-Scale 
Supergravity, Fortsch. Phys. 68 (10) (2020) 2000076. 

M. Kim, On string one-loop correction to the Einstein-Hilbert term and its implications on the Kahler potentia 

C. P. Burgess, F. Quevedo, RG-induced modulus stabilization: perturbative de Sitter vacua and improved D3-D3 inflation, JHEP 06 (2022) 


167. arXiv: 2202.05344)/\doi:10.1007/JHEP06 (2022) 167 
S. Kachru, S. P. Trivedi, A comment on effective field theories of flux vacua, Fortsch. Phys. 67 (1-2) (2019) 1800086. arXiv: 1808.08971 


M. Cicoli, S. De Alwis, A. Maharana, F. Muia, F. Quevedo, De Sitter vs Quintessence in String Theory, Fortsch. Phys. 67 (1-2) (2019) 
1800079. 

I. Bena, E. Dudas, M. Grana, S. Lust, Uplifting Runaways, Fortsch. Phys. 67 (1-2) (2019) 1800100. [arXiv : 1809. 06861||doi: 10. 1002/| 
E. Dudas, S. Lust, An update on moduli stabilization with antibrane uplift, JHEP 03 (2021) 107. 
I. Bena, M. Grana, N. Halmagyi, On the Existence of Meta-stable Vacua in Klebanov-Strassler, JHEP 09 (2010) 087. 
J. Polchinski, Brane/antibrane dynamics and KKLT stabilitļarXiv :1509.05710] 

S. Kachru, M. Kim, L. Mcallister, M. Zimet, de Sitter vacua from ten dimensions, JHEP 12 (2021) 111. 
B. V. Bento, D. Chakraborty, S. L. Parameswaran, I. Zavala, A new de Sitter solution with a weakly warped deformed conifold, JHEP 12 
(2021) 124. arXiv :2105.03370||āoi :10. 1007/JHEP12 (2021) 124 

J. Moritz, A. Retolaza, A. Westphal, On uplifts by warped anti-D3-branes, Fortsch. Phys. 67 (1-2) (2019) 1800098. 
X. Gao, A. Hebecker, D. Junghans, Control issues of KKLT, Fortsch. Phys. 68 (2020) 2000089. 


Prop. 202000089 
F. F. Gautason, V. Van Hemelryck, T. Van Riet, G. Venken, A 10d view on the KKLT AdS vacuum and uplifting, JHEP 06 (2020) 074. 

I. Bena, E. Dudas, M. Grana, G. Lo Monaco, D. Toulikas, Anti D3-branes and gaugino condensatio. 

R. Kallosh, F. Quevedo, A. M. Uranga, String Theory Realizations of the Nilpotent Goldstino, JHEP 12 (2015) 039. 

I. Bena, E. Dudas, M. Grana, G. L. Monaco, D. Toulikas, Bare-Bones de Sitte: 

C. P. Burgess, R. Kallosh, F. Quevedo, De Sitter string vacua from supersymmetric D terms, JHEP 10 (2003) 056. 
S. de Alwis, K. Givens, Physical Vacua in IIB Compactifications with a Single Kaehler Modulus, JHEP 10 (2011) 109.larXiv: 1106.0759] 
M. Rummel, A. Westphal, A sufficient condition for de Sitter vacua in type IIB string theory, JHEP 01 (2012) 020. 
M. Cicoli, F. Quevedo, R. Valandro, De Sitter from T-branes, JHEP 03 (2016) 141. 


141 
I. Antoniadis, Y. Chen, G. K. Leontaris, Logarithmic loop corrections, moduli stabilisation and de Sitter vacua in string theory, JHEP 01 


(2020) 149. arXiv :1909.10525| doi :10.1007/JHEP01 (2020) 149 


V. Balasubramanian, P. Berglund, Stringy corrections to Kahler potentials, SUSY breaking, and the cosmological constant problem, JHEP 


11 (2004) 085. arXiv :hep-th/0408054| doi:10.1088/1126-6708/2004/11/085 


J. Blaback, D. Roest, I. Zavala, De Sitter Vacua from Nonperturbative Flux Compactifications, Phys. Rev. D 90 (2) (2014) 024065. 


arXiv:1312.5328| doi:10.1103/PhysRevD.90.024065 
A. Saltman, E. Silverstein, A New handle on de Sitter compactifications, JHEP 01 (2006) 139. arXiv :hep-th/0411271 doi:10.1088/ 


159 


[212 
[213 
[214 
[215 
[216 
[217 
[218 
[219 
[220 
[221 
[222 
[223 
[224 


[225 
[226 


[227 
[228 
[229 
[230 
[231 
[232 
[233 
[234 
[235 
[236 
[237 
[238 


[239 
[240 


[241 
[242 
[243 
[244 
[245 
[246 


[247 


1126-6708/2006/01/139 
G. B. De Luca, E. Silverstein, G. Torroba, Hyperbolic compactification of M-theory and de Sitter quantum gravity, SciPost Phys. 12 (3) 


(2022) 083. 
N. Gendler, M. Kim, L. McAllister, J. Moritz, M. Stillman, Superpotentials from Singular DivisorsarXiv: 2204. 06566! 

E. Witten, Quantum gravity in de Sitter space, in: Strings 2001: International Conference, 2001. 
J. Maltz, L. Susskind, de Sitter Space as a Resonance, Phys. Rev. Lett. 118 (10) (2017) 101602. 
A. Maharana, E. Palti, Models of Particle Physics from Type IIB String Theory and F-theory: A Review, Int. J. Mod. Phys. A 28 (2013) 
1330008. 

M. Headrick, T. Wiseman, Numerical Ricci-flat metrics on K3, Class. Quant. Grav. 22 (2005) 4931—4960. 
A. Ashmore, L. Calmon, Y.-H. He, B. A. Ovrut, Calabi-Yau Metrics, Energy Functionals and Machine-LearningarXiv: 2112. 10872| 
M. Gerdes, S. Krippendorf, CYJAX: A package for Calabi- Yau metrics with JAXarXiv:2211.12520) 

Y.-H. He, Deep-Learning the Landscap¢arXiv: 1706 .02714) 

F. Ruehle, Data science applications to string theory, Phys. Rept. 839 (2020) 1-117. 


A. Cole, S. Krippendorf, A. Schachner, G. Shiu, Probing the Structure of String Theory Vacua with Genetic Algorithms and Reinforcement 
Learning, in: 35th Conference on Neural Information Processing Systems, 2021. 

S. Abel, A. Constantin, T. R. Harvey, A. Lukas, Cosmic Inflation and Genetic AlgorithmsarXiv : 2208 .13804 
202200161 

S. Abel, A. Constantin, T. R. Harvey, A. Lukas, String Model Building, Reinforcement Learning and Genetic Algorithms, in: Nankai 
Symposium on Mathematical Dialogues: In celebration of S.S.Chern’s 110th anniversary, 2021. 
F. Marchesano, B. Schellekens, T. Weigand, D-brane and F-theory Model Building, 2022. 
J. P. Conlon, A. Maharana, F. Quevedo, Towards Realistic String Vacua, JHEP 05 (2009) 109. 
1126-6708/2009/05/109 

S. Krippendorf, M. J. Dolan, A. Maharana, F. Quevedo, D-branes at Toric Singularities: Model Building, Yukawa Couplings and Flavour 


Physics, JHEP 06 (2010) 092. arXiv: 1002.1790) doi:10.1007/JHEP06 (2010) 092 


K. Behrndt, M. Cvetic, General N=1 supersymmetric fluxes in massive type IIA string theory, Nucl. Phys. B 708 (2005) 45-71. 
hep-th/0407263 doi:10.1016/j .nuclphysb.2004.12.004 


K. Behrndt, M. Cvetic, General N = 1 supersymmetric flux vacua of (massive) type IIA string theory, Phys. Rev. Lett. 95 (2005) 021601. 
T. House, E. Palti, Effective action of (massive) IIA on manifolds with SU(3) structure, Phys. Rev. D 72 (2005) 026004. 
0505177 doi:10.1103/PhysRevD .72.026004 


D. Lust, D. Tsimpis, Supersymmetric AdS(4) compactifications of ITA supergravity, JHEP 02 (2005) 027. arXiv: hep-th/0412250 


doi:10.1088/1126-6708/2005/02/027 

O. DeWolfe, A. Giryavets, S. Kachru, W. Taylor, Type ITA moduli stabilization, JHEP 07 (2005) 066. 
10.1088/1126-6708/2005/07/066 

S. Kachru, A.-K. Kashani-Poor, Moduli potentials in type Ila compactifications with RR and NS flux, JHEP 03 (2005) 066. 
J.-P. Derendinger, C. Kounnas, P. M. Petropoulos, F. Zwirner, Superpotentials in ITA compactifications with general fluxes, Nucl. Phys. B 
715 (2005) 211-233, arXiv :hep-th/0411276| doi: 10.1016/J .nuclphysb. 2005 02.038 

G. Aldazabal, P. G. Camara, A. Font, L. E. Ibanez, More dual fluxes and moduli fixing, JHEP 05 (2006) 070. 
F. Saueressig, U. Theis, S. Vandoren, On de Sitter vacua in type IIA orientifold compactifications, Phys. Lett. B 633 (2006) 125-128. 


arXiv:hep-th/0506181)doi:10.1016/j.physletb.2005.11.059 


G. Villadoro, F. Zwirner, N=1 effective potential from dual type-A D6/06 orientifolds with general fluxes, JHEP 06 (2005) 047. 


hep-th/0503169 | |doi: 10. 1088/1126-6708/2005/06/047 
M. Ihl, D. Robbins, T. Wrase, Toroidal orientifolds in ITA with general NS-NS fluxes, JHEP 08 (2007) 043. |arXiv:0705.3410 


10.1088/1126-6708/2007/08/043 
E. Silverstein, Simple de Sitter Solutions, Phys. Rev. D 77 (2008) 106006. |arXiv:0712.1196) doi:10.1103/PhysRevD.77 . 106006 


T. W. Grimm, J. Louis, The Effective action of type ITA Calabi-Yau orientifolds, Nucl. Phys. B 718 (2005) 153-202. 
doi:10.1016/j.nuclphysb.2005.04.007 

B. S. Acharya, F. Benini, R. Valandro, Fixing moduli in exact type IIA flux vacua, JHEP 02 (2007) 018. 
doi:10.1088/1126-6708/2007/02/018 

J. McOrist, S. Sethi, M-theory and Type IIA Flux Compactifications, JHEP 12 (2012) 122. 


JHEP 12 (2012) 122 
C. Caviezel, P. Koerber, S. Kors, D. Lust, T. Wrase, M. Zagermann, On the Cosmology of Type HA Compactifications on SU(3)-structure 


Manifolds, JHEP 04 (2009) 010. |arXiv:0812.3551) doi:10.1088/1126-6708/2009/04/010 


R. Flauger, S. Paban, D. Robbins, T. Wrase, Searching for slow-roll moduli inflation in massive type IIA supergravity with metric fluxes, 
Phys. Rev. D 79 (2009) 086011 

U. H. Danielsson, S. S. Haque, G. Shiu, T. Van Riet, Towards Classical de Sitter Solutions in String Theory, JHEP 09 (2009) 114. 
C. Caviezel, T. Wrase, M. Zagermann, Moduli Stabilization and Cosmology of Type IIB on SU(2)-Structure Orientifolds, JHEP 04 (2010) 
oi. 

U. H. Danielsson, P. Koerber, T. Van Riet, Universal de Sitter solutions at tree-level, JHEP 05 (2010) 090. 


doi:10.1088/ 


160 


[248 
[249 


[250 
[251 


[252 
[253 
[254 
[255 
[256 
[257 
[258 
[259 
[260 
[261 


[262 
[263 


[264 
[265 
[266 
[267 
[268 
[269 
[270 
[271 


[272 
[273 


[274 
[275 
[276 
[277 
[278 
[279 
[280 


[281 


10.1007/ JHEPO5 (2010) 090 
U. H. Danielsson, S. S. Haque, P. Koerber, G. Shiu, T. Van Riet, T. Wrase, De Sitter hunting in a classical landscape, Fortsch. Phys. 59 


(2011) 897-933, 
D. Andriot, New constraints on classical de Sitter: flirting with the swampland, Fortsch. Phys. 67 (1-2) (2019) 1800103. 
doi:10.1002/prop. 201800103 

J. P. Conlon, S. Ning, F. Revello, Exploring The Holographic SwamplandarXiv :2110 .06245) 


F. Apers, J. P. Conlon, S. Ning, F. Revello, Integer conformal dimensions for type Ha flux vacua, Phys. Rev. D 105 (10) (2022) 106029. 
doi:10.1103/PhysRevD. 105.106029 
S. S. Haque, G. Shiu, B. Underwood, T. Van, Minimal simple de Sitter solutions, Phys. Rev. D 79 (2009) 086005. 


O. Lebedev, H. P. Nilles, S. Raby, S. Ramos-Sanchez, M. Ratz, P. K. S. Vaudrevange, A. Wingerter, A Mini-landscape of exact MSSM 


spectra in heterotic orbifolds, Phys. Lett. B 645 (2007) 88-94. arXiv: hep-th/0611095)|doi:10.1016/j.physletb.2006.12.012 


O. Lebedev, H. P. Nilles, S. Ramos-Sanchez, M. Ratz, P. K. S. Vaudrevange, Heterotic mini-landscape. (II). Completing the search for 


MSSM vacua in a Z(6) orbifold, Phys. Lett. B 668 (2008) 331-335. 

L. B. Anderson, J. Gray, A. Lukas, E. Palti, Two Hundred Heterotic Standard Models on Smooth Calabi- Yau Threefolds, Phys. Rev. D 84 
(2011) 106005. arXiv 1106.4804] doi: 10. 1103/PhysRevD -84 106008] 

L. B. Anderson, J. Gray, A. Lukas, E. Palti, Heterotic Line Bundle Standard Models, JHEP 06 (2012) 113. 
L. B. Anderson, A. Constantin, J. Gray, A. Lukas, E. Palti, A Comprehensive Scan for Heterotic SU(5) GUT models, JHEP 01 (2014) 047. 


arXiv: 1307 .4787| doi :10.1007/JHEPO1(2014)047 
A. Hebecker, M. Trapletti, Gauge unification in highly anisotropic string compactifications, Nucl. Phys. B 713 (2005) 173-203. 


hep-th/0411131 |doi:10.1016/j .nuclphysb.2005.02.008 


B. Dundee, S. Raby, A. Wingerter, Reconciling Grand Unification with Strings by Anisotropic Compactifications, Phys. Rev. D 78 (2008) 


066006. 
W. Buchmuller, C. Ludeling, J. Schmidt, Local SU(5) Unification from the Heterotic String, JHEP 09 (2007) 113. 
O. Loaiza-Brito, J. Martin, H. P. Nilles, M. Ratz, Log(M(PI) / m(3/2)), AIP Conf. Proc. 805 (1) (2005) 198-204.[arXiv :hep-th/0509158) 
A. Strominger, Superstrings with Torsion, Nucl. Phys. B 274 (1986) 253. 

M. Dine, R. Rohm, N. Seiberg, E. Witten, Gluino Condensation in Superstring Models, Phys. Lett. B 156 (1985) 55—60. 
0370-2693 (85)91354-1 

J. P. Derendinger, L. E. Ibanez, H. P. Nilles, On the Low-Energy d = 4, N=1 Supergravity Theory Extracted from the d = 10, N=1 
Superstring, Phys. Lett. B 155 (1985) 65-70. 

G. Curio, A. Krause, D. Lust, Moduli stabilization in the heterotic/IIB discretuum, Fortsch. Phys. 54 (2006) 225-245. 
doi:10.1002/prop. 200510270 

M. Cicoli, K. Dutta, A. Maharana, N-flation with Hierarchically Light Axions in String Compactifications, JCAP 08 (2014) 012. 


1401.2579 doi :10.1088/1475-7516/2014/08/012 
L. B. Anderson, J. Gray, A. Lukas, B. Ovrut, Stabilizing All Geometric Moduli in Heterotic Calabi-Yau Vacua, Phys. Rev. D 83 (2011) 


106011. 
R. Rohm, E. Witten, The Antisymmetric Tensor Field in Superstring Theory, Annals Phys. 170 (1986) 454. |doi:10.1016/ 
0003-4916 (86) 90099-0 

L. B. Anderson, J. Gray, A. Lukas, B. Ovrut, Stabilizing the Complex Structure in Heterotic Calabi-Yau Vacua, JHEP 02 (2011) 088. 


arXiv:1010.0255 doi:10.1007/JHEP02(2011)088 
L. B. Anderson, J. Gray, A. Lukas, B. Ovrut, The Atiyah Class and Complex Structure Stabilization in Heterotic Calabi- Yau Compactifi- 


cations, JHEP 10 (2011) 032. |arXiv:1107.5076) doi:10.1007/JHEP10(2011) 032 


W. Buchmuller, K. Hamaguchi, O. Lebedev, M. Ratz, Supersymmetric Standard Model from the Heterotic String (II), Nucl. Phys. B 785 
(2007) 149-209. 
S. Hamidi, C. Vafa, Interactions on Orbifolds, Nucl. Phys. B 279 (1987) 465-513. 
L. J. Dixon, D. Friedan, E. J. Martinec, S. H. Shenker, The Conformal Field Theory of Orbifolds, Nucl. Phys. B 282 (1987) 13-73. 


doi:10.1016/0550-3213(87) 90676-6 
L. J. Dixon, V. Kaplunovsky, J. Louis, On Effective Field Theories Describing (2,2) Vacua of the Heterotic String, Nucl. Phys. B 329 (1990) 


27-82. doi:10.1016/0550-3213(90)90057-K 
S. Ferrara, D. Lust, A. D. Shapere, S. Theisen, Modular Invariance in Supersymmetric Field Theories, Phys. Lett. B 225 (1989) 363. 


doi:10.1016/0370- 2693 (89) 90583-2 
J. Lauer, J. Mas, H. P. Nilles, Duality and the Role of Nonperturbative Effects on the World Sheet, Phys. Lett. B 226 (1989) 251-256. 


doi:10.1016/0370-2693(89)91190-8 


L. E. Ibanez, D. Lust, Duality anomaly cancellation, minimal string unification and the effective low-energy Lagrangian of 4-D strings, 
Nucl. Phys. B 382 (1992) 305-361. arXiv: hep-th/9202046) doi:10.1016/0550-3213(92)90189-I 
H. P. Nilles, Dynamically Broken Supergravity and the Hierarchy Problem, Phys. Lett. B 115 (1982) 193..doi:10.1016/0370- 2693 (82) 
90642-6 

S. Ferrara, L. Girardello, H. P. Nilles, Breakdown of Local Supersymmetry Through Gauge Fermion Condensates, Phys. Lett. B 125 (1983) 


457. doi:10.1016/0370-2693(83) 91325-4 
B. de Carlos, J. A. Casas, C. Munoz, Massive hidden matter and gaugino condensation, Phys. Lett. B 263 (1991) 248-254. doi:10.1016/ 


0370-2693 (91) 90595-H 


B. de Carlos, J. A. Casas, C. Munoz, Supersymmetry breaking and determination of the unification gauge coupling constant in string 


161 


[282 
[283 
[284 
[285 
[286 
[287 
[288 


[289 
[290 


[291 
[292 
[293 
[294 
[295 
[296 
[297 
[298 
[299 
[300 
[301 
[302 
[303 
[304 
[305 
[306 
[307 
[308 
[309 
[310 
[311 
[312 
[313 


[314 


theories, Nucl. Phys. B 399 (1993) 623-653. |jarXiv:hep-th/9204012) doi: 10.1016/0550-3213(93) 90512-N 


A. Font, L. E. Ibanez, D. Lust, F. Quevedo, Supersymmetry Breaking From Duality Invariant Gaugino Condensation, Phys. Lett. B 245 


(1990) 401-408. doi : 10. 1016/0370-2695(80) 90665-8] 


M. Cvetic, A. Font, L. E. Ibanez, D. Lust, F. Quevedo, Target space duality, supersymmetry breaking and the stability of classical string 


vacua, Nucl. Phys. B 361 (1991) 194-232. doi :10.1016/0550-3213(91)90622-5 


D. Bailin, A. Love, W. A. Sabra, S. Thomas, String loop threshold corrections for Z(N) Coxeter orbifolds, Mod. Phys. Lett. A 9 (1994) 


67-80. arXiv :hep-th/9310008| doi : 10 . 1142/S0217732394000083 


D. Lust, C. Munoz, Duality invariant gaugino condensation and one loop corrected Kahler potentials in string theory, Phys. Lett. B 279 


(1992) 272-280. arXiv :hep-th/9201047| doi: 10 .1016/0370-2693 (92) 90392-H 


S. L. Parameswaran, S. Ramos-Sanchez, I. Zavala, On Moduli Stabilisation and de Sitter Vacua in MSSM Heterotic Orbifolds, JHEP 01 


2011) 071. 
Y. Olguin-Trejo, S. L. Parameswaran, G. Tasinato, I. Zavala, Runaway Quintessence, Out of the Swampland, JCAP 01 (2019) 031.farXiv:| 
E. Gonzalo, L. E. Ibanez, A. M. Uranga, Modular symmetries and the swampland conjectures, JHEP 05 (2019) 105. 
doi:10.1007/JHEP05 (2019) 105 

J. M. Leedom, N. Righi, A. Westphal, Heterotic de Sitter Beyond Modular SymmetryarXiv:2212.03876| 

V. Braun, Y.-H. He, B. A. Ovrut, T. Pantev, A Heterotic standard model, Phys. Lett. B 618 (2005) 252-258. 


doi:10.1016/j.physletb.2005.05.007 


V. Bouchard, R. Donagi, An SU(5) heterotic standard model, Phys. Lett. B 633 (2006) 783-791. {arXiv:hep-th/0512149 


1016/j.physletb.2005.12.042 

V. Braun, Y.-H. He, B. A. Ovrut, T. Pantev, The Exact MSSM spectrum from string theory, JHEP 05 (2006) 043. |arXiv:hep-th/0512177| 
doi:10.1088/1126-6708/2006/05/043 

E. I. Buchbinder, R. Donagi, B. A. Ovrut, Superpotentials for vector bundle moduli, Nucl. Phys. B 653 (2003) 400—420. 
doi:10.1016/S0550-3213(02)01093-3 

E. I. Buchbinder, R. Donagi, B. A. Ovrut, Vector bundle moduli superpotentials in heterotic superstrings and M theory, JHEP 07 (2002) 


066. arXiv: hep-th/0206203 |doi:10.1088/1126-6708/2002/07/066 
M. Becker, G. Curio, A. Krause, De Sitter vacua from heterotic M theory, Nucl. Phys. B 693 (2004) 223-260. arXiv: hep-th/0403027 
doi:10.1016/j.nuclphysb.2004.06.019 


V. Braun, B. A. Ovrut, Stabilizing moduli with a positive cosmological constant in heterotic M-theory, JHEP 07 (2006) 035. 


hep-th/0603088 doi: 10.1088/1126-6708/2006/07/035 


G. Lopes Cardoso, G. Curio, G. Dall’ Agata, D. Lust, P. Manousselis, G. Zoupanos, NonKahler string backgrounds and their five torsion 


classes, Nucl. Phys. B 652 (2003) 5-34. |jarXiv:hep-th/0211118) doi:10.1016/S0550-3213(03)00049-X 


K. Becker, M. Becker, P. S. Green, K. Dasgupta, E. Sharpe, Compactifications of heterotic strings on nonKahler complex manifolds. 2., 


Nucl Phys. B 678 (2004) 19-100, arXivehep~th/08i0068][dod 10. 1016/3. nuclphysb .2003. 11.029 
K. Becker, M. Becker, K. Dasgupta, P. S. Green, Compactifications of heterotic theory on nonKahler complex manifolds. 1., JHEP 04 
(2003) 007 

J. P. Gauntlett, D. Martelli, D. Waldram, Superstrings with intrinsic torsion, Phys. Rev. D 69 (2004) 086002. 
S. Gurrieri, A. Lukas, A. Micu, Heterotic on half-flat, Phys. Rev. D 70 (2004) 126009. 
S. Gurrieri, A. Lukas, A. Micu, Heterotic String Compactifications on Half-flat Manifolds. II., JHEP 12 (2007) 081. 


doi:10.1088/1126-6708/2007/12/081 


G. Lopes Cardoso, G. Curio, G. Dall’Agata, D. Lust, BPS action and superpotential for heterotic string compactifications with fluxes, 
JHEP 10 2003) 004 |ar¥iv:hep=th/0306088]|doi 10. 1086/1i26-6708/2003/ 10/004 

A. Chatzistavrakidis, G. Zoupanos, Dimensional Reduction of the Heterotic String over nearly-Kaehler manifolds, JHEP 09 (2009) 077. 
O. Lechtenfeld, C. Nolle, A. D. Popov, Heterotic compactifications on nearly Kahler manifolds, JHEP 09 (2010) 074. |arXiv:1007 . 0236] 
M. Klaput, A. Lukas, C. Matti, Bundles over Nearly-Kahler Homogeneous Spaces in Heterotic String Theory, JHEP 09 (2011) 100. 
M. Klaput, A. Lukas, C. Matti, E. E. Svanes, Moduli Stabilising in Heterotic Nearly Kahler Compactifications, JHEP 01 (2013) 015. 
A. Lukas, C. Matti, G-structures and Domain Walls in Heterotic Theories, JHEP 01 (2011) 151. 


G. Lopes Cardoso, G. Curio, G. Dall’ Agata, D. Lust, Heterotic string theory on nonKahler manifolds with H flux and gaugino condensate, 


Fortsch. Phys. 52 (2004) 483-488. arXiv :hep-th/0310021| doi: 10.1002/prop. 200310134 


A. R. Frey, M. Lippert, AdS strings with torsion: Non-complex heterotic compactifications, Phys. Rev. D 72 (2005) 126001. 


hep-th/0507202 doi:10.1103/PhysRevD.72.126001 


S. Gukov, S. Kachru, X. Liu, L. McAllister, Heterotic moduli stabilization with fractional Chern-Simons invariants, Phys. Rev. D 69 (2004) 


086008. |arXiv:hep-th/0310159 doi:10.1103/PhysRevD . 69.086008 


F. Apruzzi, F. F. Gautason, S. Parameswaran, M. Zagermann, Wilson lines and Chern-Simons flux in explicit heterotic Calabi- Yau com- 


pactifications, JHEP 02 (2015) 183. arXiv: 1410.2603) doi:10.1007/JHEP02 (2015) 183 


L. B. Anderson, J. Gray, A. Lukas, J. Wang, Chern-Simons invariants and heterotic superpotentials, JHEP 09 (2020) 141. 
2006 .03082 |doi:10.1007/JHEP09 (2020) 141 
M. Cicoli, S. de Alwis, A. Westphal, Heterotic Moduli Stabilisation, JHEP 10 (2013) 199. |arXiv:1304.1809 doi:10.1007/ 


162 


[315 


[316 
[317 


[318 
[319 


[320 
[321 
[322 
[323 
[324 
[325 
[326 


[327 
[328 


[329 
[330 
[331 
[332 
[333 
[334 
[335 
[336 
[337 
[338 
[339 


[340 
[341 


[342 
[343 


[344 
[345 
[346 
[347 
[348 
[349 


[350 


JHEP 10 (2013) 199 
I. Antoniadis, T. Maillard, Moduli stabilization from magnetic fluxes in type I string theory, Nucl. Phys. B 716 (2005) 3-32. 


I. Antoniadis, A. Kumar, T. Maillard, Moduli stabilization with open and closed string fluxe{arXiv:hep-th/0505260) 
I. Antoniadis, A. Kumar, T. Maillard, Magnetic fluxes and moduli stabilization, Nucl. Phys. B 767 (2007) 139-162. 
0610246 doi:10.1016/j.nuclphysb.2007.01.013 


A. Kumar, S. Mukhopadhyay, K. Ray, Moduli stabilization with non-Abelian fluxesarXiv : hep-th/0605083 


I. Antoniadis, A. Kumar, B. Panda, Supersymmetric SU(5) GUT with stabilized moduli, Nucl. Phys. B 795 (2008) 69-104. 


0709.2799 doi:10.1016/j.nuclphysb.2007.11.008 


I. Antoniadis, A. Kumar, B. Panda, Fermion Wavefunctions in Magnetized branes: Theta identities and Yukawa couplings, Nucl. Phys. B 


823 (2009) 116-173. arKiv:0904,0910|doi:10.1016/j .nuchphysb .2009 08.002 
M. Bianchi, E. Kiritsis, Non-perturbative and Flux superpotentials for Type I strings on the Z(3) orbifold, Nucl. Phys. B 782 (2007) 26-50. 
B. S. Acharya, M theory, Joyce orbifolds and superYang-Mills, Adv. Theor. Math. Phys. 3 (1999) 227-248. 
B. S. Acharya, E. Witten, Chiral fermions from manifolds of G(2) holonom 


A. Kovalev, Twisted connected sums and special Riemannian holonom: 

D. Joyce, Constructing compact manifolds with exceptional holonomy, Clay Math. Proc. 3 (2004) 177-191. 

T. Friedmann, E. Witten, Unification scale, proton decay, and manifolds of G(2) holonomy, Adv. Theor. Math. Phys. 7 (4) (2003) 577-617. 
B. S. Acharya, A Moduli fixing mechanism in M theor 
B. de Carlos, A. Lukas, S. Morris, Non-perturbative vacua for M-theory on G(2) manifolds, JHEP 12 (2004) 018. 


0409255, doi:10.1088/1126-6708/2004/12/018 
T. House, A. Micu, M-Theory compactifications on manifolds with G(2) structure, Class. Quant. Grav. 22 (2005) 1709-1738. 


hep-th/0412006 doi: 10.1088/0264-9381/22/9/016 


B. S. Acharya, K. Bobkov, G. Kane, P. Kumar, D. Vaman, An M theory Solution to the Hierarchy Problem, Phys. Rev. Lett. 97 (2006) 


191601. arXiv: hep-th/0606262 doi:10.1103/PhysRevLett .97.191601 


B. S. Acharya, K. Bobkov, G. L. Kane, P. Kumar, J. Shao, Explaining the Electroweak Scale and Stabilizing Moduli in M Theory, Phys. 


Rev. D 76 (2007) 126010, [arXiv :hep-th/0701034| doi 10 .1103/PhysRevD.76 . 126010] 
B. S. Acharya, M. Torabian, Supersymmetry Breaking, Moduli Stabilization and Hidden U(1) Breaking in M-Theory, Phys. Rev. D 83 
(2011) 126001. 

B. S. Acharya, K. Bobkov, Kahler Independence of the G(2)-MSSM, JHEP 09 (2010) 001. 
B. S. Acharya, G. Kane, P. Kumar, Compactified String Theories — Generic Predictions for Particle Physics, Int. J. Mod. Phys. A 27 (2012) 


1230012. 
I. Heemskerk, J. Penedones, J. Polchinski, J. Sully, Holography from Conformal Field Theory, JHEP 10 (2009) 079. 
J. P. Conlon, F. Quevedo, Putting the Boot into the Swampland, JHEP 03 (2019) 005. |arXiv:1811.06276|\doi:10.1007/JHEPO3 (2019) | 
005 

J. P. Conlon, F. Revello, Moduli Stabilisation and the Holographic Swampland, LHEP 2020 (2020) 171. 
10.31526/lhep.2020.171 

F. Apers, M. Montero, T. Van Riet, T. Wrase, Comments on classical AdS flux vacua with scale separation, JHEP 05 (2022) 167. 
2202. 00682 

J. Quirant, Noninteger conformal dimensions for type IIA flux vacua, Phys. Rev. D 106 (6) (2022) 066017. 


J. Quirant Pellin, Aspects of type ITA AdS4 orientifold vacua, Ph.D. thesis, U. Autonoma, Madrid (main) (2022). 

E. Plauschinn, Mass spectrum of type IIB flux compactifications - comments on AdS vacua and conformal dimensionsarXiv: 2210. 
04528 

F. Apers, Aspects of AdS flux vacua with integer conformal dimension{arXiv:2211.04187| 

D. Simmons-Duffin, The Conformal Bootstrap, in: Theoretical Advanced Study Institute in Elementary Particle Physics: New Frontiers in 
Fields and Strings, 2017, pp. 1-74. arXiv: 1602.07982) doi : 10. 1142/9789813149441_0001| 

M. Montero, A Holographic Derivation of the Weak Gravity Conjecture, JHEP 03 (2019) 157. 
K. Furuuchi, Weak Gravity Conjecture From Low Energy Observers’ Perspective, Fortsch. Phys. 66 (10) (2018) 1800016. 
01302 |doi:10.1002/prop.201800016 

D. Harlow, H. Ooguri, Symmetries in quantum field theory and quantum gravity, Commun. Math. Phys. 383 (3) (2021) 1669-1804. 
doi: 10. 1007/s00220-021-04040-y 

S. Andriolo, T.-C. Huang, T. Noumi, H. Ooguri, G. Shiu, Duality and axionic weak gravity, Phys. Rev. D 102 (4) (2020) 046008. 


2004.13721) doi:10.1103/PhysRevD .102.046008 


O. Aharony, E. Palti, Convexity of charged operators in CFTs and the weak gravity conjecture, Phys. Rev. D 104 (12) (2021) 126005. 
E. Palti, A. Sharon, Convexity of charged operators in CFTs with multiple Abelian symmetries, JHEP 09 (2022) 078.[arXiv : 2206 .06703| 
doi:10.1007/JHEPO9 (2022) 078 


F. Baume, J. Calderón Infante, Tackling the SDC in AdS with CFTs, JHEP 08 (2021) 057. arXiv:2011.03583, doi:10.1007/ 
JHEP08(2021)057 


163 


[351 
[352 
[353 
[354 
[355 
[356 
[357 
[358 
[359 
[360 
[361 
[362 
[363 
[364 
[365 
[366 
[367 
[368 
[369 
[370 
[371 


[372 
[373 


[374 
[375 
[376 
[377 
[378 
[379 
[380 


[381 
[382 


[383 
[384 


[385 


E. Perlmutter, L. Rastelli, C. Vafa, I. Valenzuela, A CFT distance conjecture, JHEP 10 (2021) 070. arXiv: 2011.10040) doi:10.1007/ 
JHEP 10 (2021)070 


A. Maloney, E. Silverstein, A. Strominger, De Sitter space in noncritical string theory, in: Workshop on Conference on the Future of 
Theoretical Physics and Cosmology in Honor of Steven Hawking’s 60th Birthday, 2002, pp. 570-591. 
N. Goheer, M. Kleban, L. Susskind, The Trouble with de Sitter space, JHEP 07 (2003) 056. 
S. Kachru, R. Kallosh, A. D. Linde, J. M. Maldacena, L. P. McAllister, S. P. Trivedi, Towards inflation in string theory, JCAP 10 (2003) 


013. 
S. Kachru, M. B. Schulz, P. K. Tripathy, S. P. Trivedi, New supersymmetric string compactifications, JHEP 03 (2003) 061. 
J. Shelton, W. Taylor, B. Wecht, Nongeometric flux compactifications, JHEP 10 (2005) 085. 
1126-6708/2005/10/085) 

M. Grana, R. Minasian, M. Petrini, A. Tomasiello, A Scan for new N=1 vacua on twisted tori, JHEP 05 (2007) 031. 
E. Plauschinn, Non-geometric backgrounds in string theory, Phys. Rept. 798 (2019) 1-122. 


018 00 
B. de Carlos, A. Guarino, J. M. Moreno, Flux moduli stabilisation, Supergravity algebras and no-go theorems, JHEP 01 (2010) 012. 
U. Danielsson, G. Dibitetto, On the distribution of stable de Sitter vacua, JHEP 03 (2013) 018. 
J. Blaback, U. Danielsson, G. Dibitetto, Fully stable dS vacua from generalised fluxes, JHEP 08 (2013) 054. 
C. Damian, L. R. Diaz-Barron, O. Loaiza-Brito, M. Sabido, Slow-Roll Inflation in Non-geometric Flux Compactification, JHEP 06 (2013) 


109. arXiv:1302.0529)|doi:10.1007/ JHEPO6 (2013) 109 
C. Damian, O. Loaiza-Brito, More stable de Sitter vacua from S-dual nongeometric fluxes, Phys. Rev. D 88 (4) (2013) 046008. 


S. P. de Alwis, Radiative Generation of dS from Ad. 
S. P. De Alwis, Wilsonian Effective Field Theory and String Theor 
S. Banerjee, U. Danielsson, G. Dibitetto, S. Giri, M. Schillo, Emergent de Sitter Cosmology from Decaying Anti-de Sitter Space, Phys. 
Rev. Lett. 121 (26) (2018) 261301. arXiv: 1807-01970 doi:i0.1103/PhysRevLete. 121.261301 

S. Banerjee, U. Danielsson, G. Dibitetto, S. Giri, M. Schillo, de Sitter Cosmology on an expanding bubble, JHEP 10 (2019) 164. 
P. Berglund, T. Hubsch, D. Minic, Stringy Bubbles Solve de Sitter Troubles, Universe 7 (10) (2021) 363. 


10.3390/universe7 100363 
S. Brahma, K. Dasgupta, R. Tatar, Four-dimensional de Sitter space is a Glauber-Sudarshan state in string theory, JHEP 07 (2021) 114. 


arXiv: 2007 .00786 doi:10.1007/JHEPO7 (2021) 114 
H. Bernardo, S. Brahma, K. Dasgupta, M.-M. Faruk, R. Tatar, de Sitter Space as a Glauber-Sudarshan State: II, Fortsch. Phys. 69 (11-12) 


(2021) 2100131. arXiv: 2108 .08365) doi:10.1002/prop.202100131 


E. J. Weinberg, Classical solutions in quantum field theory: Solitons and Instantons in High Energy Physics, Cambridge Monographs on 
Mathematical Physics, Cambridge University Press, 2012. 

V. A. Rubakovy, Classical theory of gauge fields, Princeton University Press, Princeton, New Jersey, 2002. 

S. R. Coleman, The Fate of the False Vacuum. 1. Semiclassical Theory, Phys. Rev. D 15 (1977) 2929-2936, [Erratum: Phys.Rev.D 16, 


1248 (1977)].{doi:10.1103/PhysRevD. 16.1248 


C. G. Callan, Jr., S. R. Coleman, The Fate of the False Vacuum. 2. First Quantum Corrections, Phys. Rev. D 16 (1977) 1762-1768. 


S. R. Coleman, V. Glaser, A. Martin, Action Minima Among Solutions to a Class of Euclidean Scalar Field Equations, Commun. Math. 
Phys. 58 (1978) 211-221. 

S. R. Coleman, F. De Luccia, Gravitational Effects on and of Vacuum Decay, Phys. Rev. D 21 (1980) 3305. 
K.-M. Lee, E. J. Weinberg, Decay of the True Vacuum in Curved Space-time, Phys. Rev. D 36 (1987) 1088. 
36.1088 

J. D. Brown, C. Teitelboim, Neutralization of the Cosmological Constant by Membrane Creation, Nucl. Phys. B 297 (1988) 787-836. 


doi:10.1016/0550-3213 (88) 90559-7 
E. Farhi, A. H. Guth, J. Guven, Is It Possible to Create a Universe in the Laboratory by Quantum Tunneling?, Nucl. Phys. B 339 (1990) 


417-490. 
W. Fischler, D. Morgan, J. Polchinski, Quantization of False Vacuum Bubbles: A Hamiltonian Treatment of Gravitational Tunneling, Phys. 
Rev. D 42 (1990) 4042-4055. 

T. C. Bachlechner, Inflation Expels Runaways, JHEP 12 (2016) 155. 

S. P. De Alwis, F. Muia, V. Pasquarella, F. Quevedo, Quantum Transitions Between Minkowski and de Sitter Spacetimes, Fortsch. Phys. 
68 ©) (2020) 2000069 

L. Dyson, M. Kleban, L. Susskind, Disturbing implications of a cosmological constant, JHEP 10 (2002) 011. 
B. Freivogel, M. Kleban, M. Rodriguez Martinez, L. Susskind, Observational consequences of a landscape, JHEP 03 (2006) 039. 


hep-th/0505232 doi: 10.1088/1126-6708/2006/03/039 


S. Cespedes, S. P. de Alwis, F. Muia, F. Quevedo, Lorentzian vacuum transitions: Open or closed universes?, Phys. Rev. D 104 (2) (2021) 


164 


[386 


[387 
[388 


[389 
[390 
[391 
[392 


[393 
[394 


[395 
[396 
[397 
[398 
[399 
[400 
[401 
[402 
[403 
[404 
[405 
[406 
[407 
[408 
[409 
[410 
[411 
[412 
[413 
[414 
[415 
[416 
[417 


[418 


026013. 
P. Narayan, S. P. Trivedi, On The Stability Of Non-Supersymmetric AdS Vacua, JHEP 07 (2010) 089. 
A. Westphal, Lifetime of Stringy de Sitter Vacua, JHEP 01 (2008) 012. 
S. de Alwis, R. Gupta, E. Hatefi, F. Quevedo, Stability, Tunneling and Flux Changing de Sitter Transitions in the Large Volume String 
Scenario, JHEP 11 (2013) 179. arKiv:1308. 1222|doi:10..1007/JHEPii (2013) 179] 

M. C. Johnson, M. Larfors, An Obstacle to populating the string theory landscape, Phys. Rev. D 78 (2008) 123513. 
A. Aguirre, M. C. Johnson, M. Larfors, Runaway dilatonic domain walls, Phys. Rev. D 81 (2010) 043527. 


10.1103/PhysRevD .81.043527 


F. Quevedo, Lectures on string/brane cosmology, Class. Quant. Grav. 19 (2002) 5721-5779. arXiv:hep-th/0210292 doi:10.1088/ 


0264-9381/19/22/304 


R. Kallosh, On inflation in string theory, Lect. Notes Phys. 738 (2008) 119-156. arXiv:hep-th/0702059, doi:10.1007/ 


978-3-540-74353-8_4 


C. P. Burgess, Inflationary string theory?, Pramana 63 (2004) 1269-1282. arXiv: hep-th/0408037) doi:10.1007/BF02704894 


C. P. Burgess, Lectures on Cosmic Inflation and its Potential Stringy Realizations, PoS P 2GC (2006) 008. arXiv :0708.2865 
10. 1088/0264-9381/24/21/S04 
C. P. Burgess, Strings, branes and cosmology: What can we hope to learn?, in: 41st Rencontres de Moriond: Workshop on Cosmology: 


Contents and Structures of the Universe, 2006, pp. 149-161. |arXiv:hep-th/0606020 


J. M. Cline, String Cosmology, in: Les Houches Summer School - Session 86: Particle Physics and Cosmology: The Fabric of Spacetime, 
2006. 

S. H. Henry Tye, Brane inflation: String theory viewed from the cosmos, Lect. Notes Phys. 737 (2008) 949-974. 
0610221 

L. McAllister, E. Silverstein, String Cosmology: A Review, Gen. Rel. Grav. 40 (2008) 565—605. 

0714-007-0556-6 

E. J. Copeland, L. Pogosian, T. Vachaspati, Seeking String Theory in the Cosmos, Class. Quant. Grav. 28 (2011) 204009. 
M. Cicoli, F. Quevedo, String moduli inflation: An overview, Class. Quant. Grav. 28 (2011) 204001. arXiv: 1108 .2659|/doi : 10. 1088/| 
C. P. Burgess, L. McAllister, Challenges for String Cosmology, Class. Quant. Grav. 28 (2011) 204002. 
M. Yamaguchi, Supergravity based inflation models: a review, Class. Quant. Grav. 28 (2011) 103001. 
C. P. Burgess, M. Cicoli, F. Quevedo, String Inflation After Planck 2013, JCAP 11 (2013) 003. 


D. Baumann, L. McAllister, Inflation and String Theory, Cambridge Monographs on Mathematical Physics, Cambridge University Press, 


2015. arXiv: 1404.2601) doi:10.1017/CB09781316105733 


E. Silverstein, TASI lectures on cosmological observables and string theory, in: Theoretical Advanced Study Institute in Elementary 
Particle Physics: New Frontiers in Fields and Strings, 2017, pp. 545-606. 
D. Wands, N. Bartolo, S. Matarrese, A. Riotto, An Observational test of two-field inflation, Phys. Rev. D 66 (2002) 043520. 
doi:10.1103/PhysRevD . 66 .043520 

T. Banks, M. Dine, P. J. Fox, E. Gorbatov, On the possibility of large axion decay constants, JCAP 06 (2003) 001. 
0303252 

C. P. Burgess, M. Cicoli, F. Quevedo, M. Williams, Inflating with Large Effective Fields, JCAP 11 (2014) 045. 
C. P. Burgess, M. Cicoli, S. de Alwis, F. Quevedo, Robust Inflation from Fibrous Strings, JCAP 05 (2016) 032. 
E. Pajer, M. Peloso, A review of Axion Inflation in the era of Planck, Class. Quant. Grav. 30 (2013) 214002. 
M. Cicoli, M. Kreuzer, C. Mayrhofer, Toric K3-Fibred Calabi-Yau Manifolds with del Pezzo Divisors for String Compactifications, JHEP 
02 (2012) 002. arXiv: 1107.0383] doi 10. 1007/JHEPO2 (2012)002] 

M. Cicoli, C. P. Burgess, F. Quevedo, Fibre Inflation: Observable Gravity Waves from IIB String Compactifications, JCAP 03 (2009) 013. 
B. J. Broy, D. Ciupke, F. G. Pedro, A. Westphal, Starobinsky-Type Inflation from a@’-Corrections, JCAP 01 (2016) 001. 
00024 

M. Cicoli, D. Ciupke, C. Mayrhofer, P. Shukla, A Geometrical Upper Bound on the Inflaton Range, JHEP 05 (2018) 001. 
M. Cicoli, E. Di Valentino, Fitting string inflation to real cosmological data: The fiber inflation case, Phys. Rev. D 102 (4) (2020) 043521. 


arXiv: 2004.01210||doi:10.1103/PhysRevD.102.043521 


S. Bhattacharya, K. Dutta, M. R. Gangopadhyay, A. Maharana, K. Singh, Fibre Inflation and Precision CMB Data, Phys. Rev. D 102 (2020) 
123531. 
J. Torrado, A. Lewis, Cobaya: Code for Bayesian Analysis of hierarchical physical models, JCAP 05 (2021) 057. 


W. J. Handley, M. P. Hobson, A. N. Lasenby, PolyChord: nested sampling for cosmology, Mon. Not. Roy. Astron. Soc. 450 (1) (2015) 
L61-L65. arXiv: 1502.01856 |doi:10.1093/mnras1l/s1lv047 


165 


[419 
[420 
[421 
[422 
[423 
[424 
[425 
[426 


[427 
[428 


[429 
[430 
[431 
[432 
[433 
[434 
[435 


[436 
[437 


[438 
[439 
[440 
[441 
[442 
[443 
[444 
[445 
[446 
[447 
[448 
[449 
[450 
[451 


[452 


S. Antusch, F. Cefala, S. Krippendorf, F. Muia, S. Orani, F. Quevedo, Oscillons from String Moduli, JHEP 01 (2018) 083. 


1708. 08922 
B.-M. Gu, R. Brandenberger, Reheating and Entropy Perturbations in Fibre Inflation, Chin. Phys. C 44 (1) (2020) 015103. 
1808 .03393 

M. Cicoli, K. Sinha, R. Wiley Deal, The dark universe after reheating in string inflation, JHEP 12 (2022) 068. 
doi:10.1007/JHEP12 (2022) 068 

M. Cicoli, G. A. Piovano, Reheating and Dark Radiation after Fibre Inflation, JCAP 02 (2019) 048. 
1475-7516/2019/02/048 

M. Cicoli, V. A. Diaz, F. G. Pedro, Primordial Black Holes from String Inflation, JCAP 06 (2018) 034. 
10.1088/1475-7516/2018/06/034 

M. Cicoli, F. G. Pedro, N. Pedron, Secondary GWs and PBHs in string inflation: formation and detectability, JCAP 08 (08) (2022) 030. 


arXiv:2203.00021|doi:10.1088/1475-7516/2022/08/030 


M. Cicoli, V. Guidetti, F. G. Pedro, G. P. Vacca, A geometrical instability for ultra-light fields during inflation?, JCAP 12 (2018) 037. 


arXiv: 1807 .03818 doi:10.1088/1475-7516/2018/12/037 
M. Cicoli, V. Guidetti, F. G. Pedro, Geometrical Destabilisation of Ultra-Light Axions in String Inflation, JCAP 05 (2019) 046. 


1903 .01497 doi:10.1088/1475-7516/2019/05/046 
M. Cicoli, V. Guidetti, F. Muia, F. G. Pedro, G. P. Vacca, On the choice of entropy variables in multifield inflatior arXiv: 2107 .03391 
M. Cicoli, V. Guidetti, F. Muia, F. G. Pedro, G. P. Vacca, A fake instability in string inflation, Class. Quant. Grav. 39 (19) (2022) 195012. 


arXiv: 2107.12392) doi:10.1088/1361-6382/ac8c18 
M. Cicoli, S. Downes, B. Dutta, Power Suppression at Large Scales in String Inflation, JCAP 12 (2013) 007. arXiv:1309.3412 
10.1088/1475-7516/2013/12/007 


M. Cicoli, S. Downes, B. Dutta, F. G. Pedro, A. Westphal, Just enough inflation: power spectrum modifications at large scales, JCAP 12 


(2014) 030, 
S. Krippendorf, F. Quevedo, Metastable SUSY Breaking, de Sitter Moduli Stabilisation and Kahler Moduli Inflation, JHEP 11 (2009) 039. 
J. P. Conlon, F. Quevedo, Kahler moduli inflation, JHEP 01 (2006) 146. 


01/146 
J. J. Blanco-Pillado, D. Buck, E. J. Copeland, M. Gomez-Reino, N. J. Nunes, Kahler Moduli Inflation Revisited, JHEP 01 (2010) 081. 


arXiv:0906.3711 doi:10.1007/JHEP0O1(2010)081 
J. R. Bond, L. Kofman, S. Prokushkin, P. M. Vaudrevange, Roulette inflation with Kahler moduli and their axions, Phys. Rev. D 75 (2007) 


123511. arXiv: hep-th/0612197 |doi:10.1103/PhysRevD.75.123511 


H.-X. Yang, H.-L. Ma, Two-field Kahler moduli inflation on large volume moduli stabilization, JCAP 08 (2008) 024. arXiv:0804.3653 


doi:10.1088/1475-7516/2008/08/024 
P. Berglund, G. Ren, Multi-Field Inflation from String TheoryarXiv:0912.1397 


M. Kawasaki, K. Miyamoto, Kahler moduli double inflation, JCAP 02 (2011) 004. arXiv:1010.3095) doi: 10.1088/1475-7516/ 


2011/02/004 


J. Martin, C. Ringeval, V. Vennin, Encyclopedia Inflationaris, Phys. Dark Univ. 5-6 (2014) 75-235. arXiv: 1303.3787 doi:10.1016/ 


j.dark.2014.01.003 


N. Barnaby, J. R. Bond, Z. Huang, L. Kofman, Preheating After Modular Inflation, JCAP 12 (2009) 021. 
10.1088/1475-7516/2009/12/021 

M. Cicoli, A. Mazumdar, Reheating for Closed String Inflation, JCAP 09 (2010) 025. 
2010/09/025 

M. Cicoli, A. Mazumdar, Inflation in string theory: A Graceful exit to the real world, Phys. Rev. D 83 (2011) 063527. arXiv: 1010.0941] 
doi:10.1103/PhysRevD .83.063527 

R. Allahverdi, I. Broeckel, M. Cicoli, J. K. Osiński, Superheavy dark matter from string theory, JHEP 02 (2021) 026./arXiv:2010.03573| 
M. Cicoli, K. Dutta, A. Maharana, F. Quevedo, Moduli Vacuum Misalignment and Precise Predictions in String Inflation, JCAP 08 (2016) 


006. 
M. Cicoli, A. Hebecker, J. Jaeckel, M. Wittner, Axions in string theory — slaying the Hydra of dark radiation, JHEP 09 (2022) 198. 
S. Lee, S. Nam, Kihler moduli inflation and WMAP7, Int. J. Mod. Phys. A 26 (2011) 1073-1096. 
M. Cicoli, F. G. Pedro, G. Tasinato, Poly-instanton Inflation, JCAP 12 (2011) 022. 
R. Blumenhagen, X. Gao, T. Rahn, P. Shukla, A Note on Poly-Instanton Effects in Type IIB Orientifolds on Calabi- Yau Threefolds, JHEP 


06 (2012) 162. arXiv: 1205.2485||doi:10.1007/JHEP06 (2012) 162 
R. Blumenhagen, M. Schmidt-Sommerfeld, Power Towers of String Instantons for N=1 Vacua, JHEP 07 (2008) 027. arXiv:0803.1562 


doi:10.1088/1126-6708/2008/07/027 


M. Cicoli, C. P. Burgess, F. Quevedo, Anisotropic Modulus Stabilisation: Strings at LHC Scales with Micron-sized Extra Dimensions, 


JHEP 10 2011) 119. 
R. Blumenhagen, X. Gao, T. Rahn, P. Shukla, Moduli Stabilization and Inflationary Cosmology with Poly-Instantons in Type IIB Orien- 
tifolds, JHEP 11 (2012) 101. arXiv: 1208. 1160 doi 10. 1007/JHEPii (2012) 101] 

X. Gao, P. Shukla, On Non-Gaussianities in Two-Field Poly-Instanton Inflation, JHEP 03 (2013) 061.{arXiv:1301 .6076||doi: 10.1007/| 


JHEPO3 (2013) 061 
D. Lust, X. Zhang, Four Kahler Moduli Stabilisation in type IIB Orientifolds with K3-fibred Calabi- Yau threefold compactification, JHEP 


u 


166 


[453 
[454 
[455 
[456 
[457 
[458 
[459 
[460 
[461 
[462 
[463 
[464 
[465 
[466 
[467 
[468 
[469 
[470 
[471 
[472 
[473 
[474 
[475 
[476 
[477 
[478 
[479 
[480 
[481 
[482 
[483 


[484 


05 (2013) 051. arXiv: 1301.7280||doi:10.1007/JHEP05 (2013) 051 
P. Svrcek, E. Witten, Axions In String Theory, JHEP 06 (2006) 051. arXiv: hep-th/0605206) doi:10.1088/1126-6708/2006/06/ 


051 

M. Cicoli, M. Goodsell, A. Ringwald, The type IIB string axiverse and its low-energy phenomenology, JHEP 10 (2012) 146. 
N. Arkani-Hamed, L. Motl, A. Nicolis, C. Vafa, The String landscape, black holes and gravity as the weakest force, JHEP 06 (2007) 060. 
J. E. Kim, H. P. Nilles, M. Peloso, Completing natural inflation, JCAP 01 (2005) 005. 


1475-7516/2005/01/005 

K. Choi, H. Kim, S. Yun, Natural inflation with multiple sub-Planckian axions, Phys. Rev. D 90 (2014) 023545. 
doi:10.1103/PhysRevD.90.023545 

R. Kappl, S. Krippendorf, H. P. Nilles, Aligned Natural Inflation: Monodromies of two Axions, Phys. Lett. B 737 (2014) 124-128. 


T. Higaki, F. Takahashi, Natural and Multi-Natural Inflation in Axion Landscape, JHEP 07 (2014) 074. 
I. Ben-Dayan, F. G. Pedro, A. Westphal, Hierarchical Axion Inflation, Phys. Rev. Lett. 113 (2014) 261301. 
C. Long, L. McAllister, P. McGuirk, Aligned Natural Inflation in String Theory, Phys. Rev. D 90 (2014) 023501. 
doi:10.1103/PhysRevD.90.023501 

X. Gao, T. Li, P. Shukla, Combining Universal and Odd RR Axions for Aligned Natural Inflation, JCAP 10 (2014) 048./arXiv: 1406 .0341) 
T. Li, Z. Li, D. V. Nanopoulos, Aligned Natural Inflation and Moduli Stabilization from Anomalous U(1) Gauge Symmetries, JHEP 11 


(2014) 012. arXiv:1407.1819 doi:10.1007/JHEP11 (2014) 012 
I. Ben-Dayan, F. G. Pedro, A. Westphal, Towards Natural Inflation in String Theory, Phys. Rev. D 92 (2) (2015) 023515. 


S. Angus, K.-S. Choi, C. S. Shin, Aligned natural inflation in the Large Volume Scenario, JHEP 10 (2021) 248. 
C. Long, L. McAllister, J. Stout, Systematics of Axion Inflation in Calabi- Yau Hypersurfaces, JHEP 02 (2017) 014. 
S. Dimopoulos, S. Kachru, J. McGreevy, J. G. Wacker, N-flation, JCAP 08 (2008) 003. 
S. A. Kim, A. R. Liddle, D. Seery, Non-gaussianity in axion N-flation models: detailed predictions and mass spectra, Phys. Rev. D 85 
(2012) 023532. 

R. Easther, L. McAllister, Random matrices and the spectrum of N-flation, JCAP 05 (2006) 018. 
T. W. Grimm, Axion inflation in type II string theory, Phys. Rev. D 77 (2008) 126007. 
77 . 126007 

T. W. Grimm, Axion Inflation in F-theory, Phys. Lett. B 739 (2014) 201-208. 
10.043 

P. A. R. Ade, et al., Detection of B-Mode Polarization at Degree Angular Scales by BICEP2, Phys. Rev. Lett. 112 (24) (2014) 241101. 


arXiv:1403.3985 doi:10.1103/PhysRevLett.112.241101 


E. Silverstein, A. Westphal, Monodromy in the CMB: Gravity Waves and String Inflation, Phys. Rev. D 78 (2008) 106003. 


L. McAllister, E. Silverstein, A. Westphal, Gravity Waves and Linear Inflation from Axion Monodromy, Phys. Rev. D 82 (2010) 046003. 
J. P. Conlon, Brane-Antibrane Backreaction in Axion Monodromy Inflation, JCAP 01 (2012) 033. 
1475-7516/2012/01/033 

I. Valenzuela, Backreaction Issues in Axion Monodromy and Minkowski 4-forms, JHEP 06 (2017) 098. 
10.1007/ JHEPO6 (2017) 098 

A. Retolaza, A. M. Uranga, A. Westphal, Bifid Throats for Axion Monodromy Inflation, JHEP 07 (2015) 099. 
doi:10.1007/JHEPO7 (2015)099 

D. Andriot, A no-go theorem for monodromy inflation, JCAP 03 (2016) 025. 
03/025 

X. Dong, B. Horn, E. Silverstein, A. Westphal, Simple exercises to flatten your potential, Phys. Rev. D 84 (2011) 026011. 
1011.4521 doi:10.1103/PhysRevD.84.026011 

A. Landete, F. Marchesano, G. Shiu, G. Zoccarato, Flux Flattening in Axion Monodromy Inflation, JHEP 06 (2017) 071. 
R. Flauger, L. McAllister, E. Pajer, A. Westphal, G. Xu, Oscillations in the CMB from Axion Monodromy Inflation, JCAP 06 (2010) 009. 
H. Peiris, R. Easther, R. Flauger, Constraining Monodromy Inflation, JCAP 09 (2013) 018. 
S. Hannestad, T. Haugbolle, P. R. Jarnhus, M. S. Sloth, Non-Gaussianity from Axion Monodromy Inflation, JCAP 06 (2010) 001. [arXiv:) 


0912.3527 |doi:10.1088/1475-7516/2010/06/001 
S. Parameswaran, G. Tasinato, I. Zavala, Subleading Effects and the Field Range in Axion Inflation, JCAP 04 (2016) 008. 


1602.02812||doi: 10.1088/1475-7516/2016/04/008 
167 


[485 
[486 
[487 
[488 
[489 
[490 
[491 
[492 
[493 
[494 
[495 


[496 
[497 


[498 
[499 
[500 
[501 
[502 
[503 
[504 
[505 
[506 
[507 
[508 
[509 
[510 
[511 
[512 
[513 
[514 
[515 
[516 
[517 


[518 


N. Kaloper, L. Sorbo, A Natural Framework for Chaotic Inflation, Phys. Rev. Lett. 102 (2009) 121301. arXiv:0811.1989 
1103/PhysRevLett . 102.121301 
arXiv:0912.1341 doi:10.1103/PhysRevD.81.103535 


M. Berg, E. Pajer, S. Sjors, Dante’s Inferno, Phys. Rev. D 81 (2010) 103535. 
E. Palti, T. Weigand, Towards large r from [p, q]-inflation, JHEP 04 (2014) 155. arXiv : 1403. 7507 doi :10.1007/ JHEP04(2014)155 
arXiv:1404.3040 |doi:10.1007/ 


F. Marchesano, G. Shiu, A. M. Uranga, F-term Axion Monodromy Inflation, JHEP 09 (2014) 184. 
JHEPO9 (2014) 184 

R. Blumenhagen, E. Plauschinn, Towards Universal Axion Inflation and Reheating in String Theory, Phys. Lett. B 736 (2014) 482-487. 
doi:10.1016/j.physletb.2014.08.007 

A. Hebecker, S. C. Kraus, L. T. Witkowski, D7-Brane Chaotic Inflation, Phys. Lett. B 737 (2014) 16-22. 
R. Flauger, L. McAllister, E. Silverstein, A. Westphal, Drifting Oscillations in Axion Monodromy, JCAP 10 (2017) 055. 
T. Kobayashi, A. Oikawa, H. Otsuka, New potentials for string axion inflation, Phys. Rev. D 93 (8) (2016) 083508. 
N. Cabo Bizet, O. Loaiza-Brito, I. Zavala, Mirror quintic vacua: hierarchies and inflation, JHEP 10 (2016) 082. 
L. E. Ibáñez, I. Valenzuela, The inflaton as an MSSM Higgs and open string modulus monodromy inflation, Phys. Lett. B 736 (2014) 
226-230. 

S. Franco, D. Galloni, A. Retolaza, A. Uranga, On axion monodromy inflation in warped throats, JHEP 02 (2015) 086.[arXiv: 1405.7044] 
H. Hayashi, R. Matsuda, T. Watari, Issues in Complex Structure Moduli Inflatior arXiv: 1410.7522] 

L. E. Ibanez, F. Marchesano, I. Valenzuela, Higgs-otic Inflation and String Theory, JHEP 01 (2015) 128. 
I. n. Garcia-Etxebarria, T. W. Grimm, I. Valenzuela, Special Points of Inflation in Flux Compactifications, Nucl. Phys. B 899 (2015) 


414-443. arXiv:1412.5537||\doi:10.1016/j .nuclphysb.2015.08.008 


D. Escobar, A. Landete, F. Marchesano, D. Regalado, Large field inflation from D-branes, Phys. Rev. D 93 (8) (2016) 081301. 
doi:10.1103/PhysRevD.93.081301 

D. Escobar, A. Landete, F. Marchesano, D. Regalado, D6-branes and axion monodromy inflation, JHEP 03 (2016) 113. 
A. Hebecker, J. Moritz, A. Westphal, L. T. Witkowski, Axion Monodromy Inflation with Warped KK-Modes, Phys. Lett. B 754 (2016) 


328-334, [Erratum: Phys.Lett.B 767, 493-493 (2017)]. arXiv: 1512.04463 |doi:10.1016/j.physletb.2016.01.030 


A. Landete, F. Marchesano, C. Wieck, Challenges for D-brane large-field inflation with stabilizer fields, JHEP 09 (2016) 119. 


1607 .01680) doi:10.1007/ JHEP09 (2016) 119 
R. Blumenhagen, D. Herschmann, E. Plauschinn, The Challenge of Realizing F-term Axion Monodromy Inflation in String Theory, JHEP 


01 (2015) 007. arXiv: 1409.7075| doi:10.1007/JHEPO1 (2015) 007 


A. Hebecker, P. Mangat, F. Rompineve, L. T. Witkowski, Tuning and Backreaction in F-term Axion Monodromy Inflation, Nucl. Phys. B 


894 (2015) 456-495. arXiv:1411.2032)\doi:10.1016/j .nuclphysb.2015.03.015 


R. Blumenhagen, A. Font, M. Fuchs, D. Herschmann, E. Plauschinn, Y. Sekiguchi, F. Wolf, A Flux-Scaling Scenario for High-Scale Moduli 


Stabilization in String Theory, Nucl. Phys. B 897 (2015) 500-554. arXiv: 1503.07634) doi:10.1016/j.nuclphysb.2015.06.003 


R. Blumenhagen, A. Font, M. Fuchs, D. Herschmann, E. Plauschinn, Towards Axionic Starobinsky-like Inflation in String Theory, Phys. 


Lett. B 746 (2015) 217-222. arXiv: 1503.01607 doi:10.1016/j.physletb.2015.05.001 


R. Blumenhagen, C. Damian, A. Font, D. Herschmann, R. Sun, The Flux-Scaling Scenario: De Sitter Uplift and Axion Inflation, Fortsch. 


Phys. 64 (6-7) (2016) 536-550. 
C. Damian, O. Loaiza-Brito, Two-Field Axion Inflation and the Swampland Constraint in the Flux-Scaling Scenario, Fortsch. Phys. 67 (1-2) 
(2019) 1800072, arXiv: 1808-03397 doi :10.1002/prop.201800072 

M. Kim, L. McAllister, Monodromy Charge in D7-brane Inflation, JHEP 10 (2020) 060. 
A. Hebecker, S. C. Kraus, D. Lust, S. Steinfurt, T. Weigand, Fluxbrane Inflation, Nucl. Phys. B 854 (2012) 509-551. arXiv: 1104.5016] 
doi:10.1016/j.nuclphysb.2011.08.025 

A. Hebecker, S. C. Kraus, M. Kuntzler, D. Lust, T. Weigand, Fluxbranes: Moduli Stabilisation and Inflation, JHEP 01 (2013) 095. 


arXiv:1207.2766 doi:10.1007/JHEPO1 (2013)095 
M. Arends, A. Hebecker, K. Heimpel, S. C. Kraus, D. Lust, C. Mayrhofer, C. Schick, T. Weigand, D7-Brane Moduli Space in Axion 


Monodromy and Fluxbrane Inflation, Fortsch. Phys. 62 (2014) 647-702. 

J. Garcia-Bellido, R. Rabadan, F. Zamora, Inflationary scenarios from branes at angles, JHEP 01 (2002) 036. 

doi:10.1088/1126-6708/2002/01/036 

R. Blumenhagen, B. Kors, D. Lust, T. Ott, Hybrid inflation in intersecting brane worlds, Nucl. Phys. B 641 (2002) 235-255. 
doi: 10. 1016/S0550- 3213(02)00614-4 

M. Gomez-Reino, I. Zavala, Recombination of intersecting D-branes and cosmological inflation, JHEP 09 (2002) 020. 
A. Avgoustidis, D. Cremades, F. Quevedo, Wilson line inflation, Gen. Rel. Grav. 39 (2007) 1203-1234. 
doi:10.1007/s10714-007-0454-y 

A. Avgoustidis, I. Zavala, Warped Wilson Line DBI Inflation, JCAP 01 (2009) 045. 
2009/01/045 

K. Kooner, S. Parameswaran, I. Zavala, Warping the Weak Gravity Conjecture, Phys. Lett. B 759 (2016) 402-409. 


doi:10.1016/j.physletb.2016.05.082 


168 


[519 
[520 
[521 
[522 
[523 
[524 
[525 
[526 
[527 
[528 
[529 
[530 
[531 
[532 
[533 
[534 
[535 
[536 
[537 
[538 
[539 
[540 
[541 
[542 
[543 
[544 
[545 
[546 
[547 
[548 
[549 
[550 


[551 


G. R. Dvali, S. H. H. Tye, Brane inflation, Phys. Lett. B 450 (1999) 72-82. 
00132-X 

C. P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh, R.-J. Zhang, The Inflationary brane anti-brane universe, JHEP 07 (2001) 
047 

G. R. Dvali, Q. Shafi, S. Solganik, D-brane inflation, in: 4th European Meeting From the Planck Scale to the Electroweak Scale, 2001. 
C. P. Burgess, P. Martineau, F. Quevedo, R. Rabadan, Branonium, JHEP 06 (2003) 037. 
C. P. Burgess, N. E. Grandi, F. Quevedo, R. Rabadan, D-brane chemistry, JHEP 01 (2004) 067. 
C. P. Burgess, F. Quevedo, R. Rabadan, G. Tasinato, I. Zavala, On bouncing brane worlds, S-branes and branonium cosmology, JCAP 02 
(2004) 008. 

D. A. Easson, R. Gregory, G. Tasinato, I. Zavala, Cycling in the Throat, JHEP 04 (2007) 026. 


1126-6708/2007/04/026 
Y.-Z. Ma, Q.-G. Huang, X. Zhang, Confronting brane inflation with Planck and pre-Planck data, Phys. Rev. D 87 (10) (2013) 103516. 


arXiv:1303.6244 doi:10.1103/PhysRevD .87.103516 
D. Baumann, L. McAllister, A Microscopic Limit on Gravitational Waves from D-brane Inflation, Phys. Rev. D 75 (2007) 123508. |arXiv:| 


hep-th/0610285 doi:10.1103/PhysRevD.75.123508 
M. Becker, L. Leblond, S. E. Shandera, Inflation from wrapped branes, Phys. Rev. D 76 (2007) 123516. arXiv:0709.1170 


10.1103/PhysRevD.76.123516 

Z. Kenton, S. Thomas, D-brane Potentials in the Warped Resolved Conifold and Natural Inflation, JHEP 02 (2015) 127. 
1221 

L. A. Pando Zayas, A. A. Tseytlin, 3-branes on resolved conifold, JHEP 11 (2000) 028. 


1126-6708/2000/11/028 


I. R. Klebanov, A. Murugan, Gauge/Gravity Duality and Warped Resolved Conifold, JHEP 03 (2007) 042. arXiv: hep-th/0701064 
doi:10.1088/1126-6708/2007/03/042 


A. Karch, L. Randall, Relaxing to three dimensions, Phys. Rev. Lett. 95 (2005) 161601. arXiv:hep-th/0506053) doi:10.1103/ 


hysRevLett.95.161601 
R. Durrer, M. Kunz, M. Sakellariadou, Why do we live in 3+1 dimensions?, Phys. Lett. B 614 (2005) 125-130, arXiv :hep-th/0501163) 
S. Sarangi, S. H. H. Tye, Cosmic string production towards the end of brane inflation, Phys. Lett. B 536 (2002) 185-192. 


hep-th/0204074 |doi:10.1016/S0370-2693(02)01824-5 
E. J. Copeland, R. C. Myers, J. Polchinski, Cosmic F and D strings, JHEP 06 (2004) 013. arXiv: hep-th/0312067 doi:10.1088/ 


1126-6708/2004/06/013 
D. Baumann, A. Dymarsky, I. R. Klebanov, L. McAllister, P. J. Steinhardt, A Delicate universe, Phys. Rev. Lett. 99 (2007) 141601. 


doi:10.1103/PhysRevLett .99.141601 

D. Baumann, A. Dymarsky, I. R. Klebanov, L. McAllister, Towards an Explicit Model of D-brane Inflation, JCAP 01 (2008) 024. 
0706.0360 

A. Krause, E. Pajer, Chasing brane inflation in string-theory, JCAP 07 (2008) 023. 
A. D. Linde, A. Westphal, Accidental Inflation in String Theory, JCAP 03 (2008) 005. 
N. Agarwal, R. Bean, L. McAllister, G. Xu, Universality in D-brane Inflation, JCAP 09 (2011) 002. 
L. McAllister, S. Renaux-Petel, G. Xu, A Statistical Approach to Multifield Inflation: Many-field Perturbations Beyond Slow Roll, JCAP 


10 (2012) 046. arXiv: 1207 .0317||doi:10.1088/1475-7516/2012/10/046 
I. Ben-Dayan, S. Jing, A. Westphal, C. Wieck, Accidental inflation from Kahler uplifting, JCAP 03 (2014) 054. arXiv:1309.0529 


J. J. Blanco-Pillado, M. Gomez-Reino, K. Metallinos, Accidental Inflation in the Landscape, JCAP 02 (2013) 034. 
A. Maharana, M. Rummel, Y. Sumitomo, Accidental Kahler moduli inflation, JCAP 09 (2015) 040. 
K. Dasgupta, C. Herdeiro, S. Hirano, R. Kallosh, D3 / D7 inflationary model and M theory, Phys. Rev. D 65 (2002) 126002. 


doi:10.1103/PhysRevD.65.126002 

K. Dasgupta, J. P. Hsu, R. Kallosh, A. D. Linde, M. Zagermann, D3/D7 brane inflation and semilocal strings, JHEP 08 (2004) 030. 

C. P. Burgess, J. M. Cline, M. Postma, Axionic D3-D7 Inflation, JHEP 03 (2009) 058. 
M. Haack, R. Kallosh, A. Krause, A. D. Linde, D. Lust, M. Zagermann, Update of D3/D7-Brane Inflation on K3 x T**2/Z(2), Nucl. Phys. 

B 806 (2009) 103-177. ar¥iv: 0804. 3964 /doi10. 1016/3 -mucTphysb. 2008.07 033 

P. Horava, E. Witten, Heterotic and type I string dynamics from eleven-dimensions, Nucl. Phys. B 460 (1996) 506-524. 
doi:10.1016/0550-3213(95) 00621-4 

P. Horava, E. Witten, Eleven-dimensional supergravity on a manifold with boundary, Nucl. Phys. B 475 (1996) 94-114. 
doi:10.1016/0550-3213 (96) 00308-2 

E. Witten, Strong coupling expansion of Calabi- Yau compactification, Nucl. Phys. B 471 (1996) 135-158. 


las] 


169 


[552 
[553 
[554 
[555 
[556 
[557 
[558 
[559 
[560 
[561 
[562 
[563 
[564 
[565 
[566 
[567 
[568 
[569 
[570 
[571 
[572 
[573 
[574 
[575 
[576 
[577 
[578 
[579 
[580 
[581 
[582 
[583 


[584 


doi:10.1016/0550-3213(96)00190-3 
E. I. Buchbinder, Five-brane dynamics and inflation in heterotic M-theory, Nucl. Phys. B 711 (2005) 314-344. arXiv :hep-th/0411062 


doi:10.1016/j.nuclphysb.2005.01.015 
K. Becker, M. Becker, A. Krause, M-theory inflation from multi M5-brane dynamics, Nucl. Phys. B 715 (2005) 349-371. 


A. Krause, Large Gravitational Waves and Lyth Bound in Multi Brane Inflation, JCAP 07 (2008) 001. 
J. J. Blanco-Pillado, C. P. Burgess, J. M. Cline, C. Escoda, M. Gomez-Reino, R. Kallosh, A. D. Linde, F. Quevedo, Racetrack inflation, 


JHEP 11 (2004) 063. arXiv :hep-th/0406230| doi:10.1088/1126-6708/2004/11/063 


J. J. Blanco-Pillado, C. P. Burgess, J. M. Cline, C. Escoda, M. Gomez-Reino, R. Kallosh, A. D. Linde, F. Quevedo, Inflating in a better 
racetrack, JHEP 09 (2006) 002. 

B. Greene, A. Weltman, An Effect of alpha’ corrections on racetrack inflation, JHEP 03 (2006) 035. 
M. Cicoli, F. Muia, F. G. Pedro, Microscopic Origin of Volume Modulus Inflation, JCAP 12 (2015) 040. 
I. Antoniadis, O. Lacombe, G. K. Leontaris, Inflation near a metastable de Sitter vacuum from moduli stabilisation, Eur. Phys. J. C 80 (11) 
(2020) 1014 jar¥iv:2007. 10362) doi 10. 1140/epjc/s10052-020-0858i-9 

J. P. Conlon, R. Kallosh, A. D. Linde, F. Quevedo, Volume Modulus Inflation and the Gravitino Mass Problem, JCAP 09 (2008) 011. 
R. Kallosh, A. D. Linde, Landscape, the scale of SUSY breaking, and inflation, JHEP 12 (2004) 004. 
R. Blumenhagen, J. P. Conlon, S. Krippendorf, S. Moster, F. Quevedo, SUSY Breaking in Local String/F-Theory Models, JHEP 09 (2009) 


007. 

L. Aparicio, M. Cicoli, S. Krippendorf, A. Maharana, F. Muia, F. Quevedo, Sequestered de Sitter String Scenarios: Soft-terms, JHEP 11 
(2014) 071, 

M. Alishahiha, E. Silverstein, D. Tong, DBI in the sky, Phys. Rev. D 70 (2004) 123505. 
E. Silverstein, D. Tong, Scalar speed limits and cosmology: Acceleration from D-cceleration, Phys. Rev. D 70 (2004) 103505. 
S. E. Shandera, S. H. H. Tye, Observing brane inflation, JCAP 05 (2006) 007. 
R. Bean, S. E. Shandera, S. H. Henry Tye, J. Xu, Comparing brane inflation to WMAP, JCAP 05 (2007) 004. 


X. Chen, Multi-throat brane inflation, Phys. Rev. D 71 (2005) 063506. 
X. Chen, Inflation from warped space, JHEP 08 (2005) 045. arXiv: hep-th/0501184) doi: 10.1088/1126-6708/2005/08/045 


T. Kobayashi, S. Mukohyama, S. Kinoshita, Constraints on Wrapped DBI Inflation in a Warped Throat, JCAP 01 (2008) 028. 
0708.4285 doi:10.1088/1475-7516/2008/01/028 
X. Chen, Fine-Tuning in DBI Inflationary Mechanism, JCAP 12 (2008) 009. arXiv: 0807 .3191| doi: 10.1088/1475-7516/2008/12/ 


C. Armendariz-Picon, T. Damour, V. F. Mukhanov, k - inflation, Phys. Lett. B 458 (1999) 209-218. |jarXiv:hep-th/9904075 


10.1016/S0370- 2693 (99) 00603-6 

J. Garriga, V. F. Mukhanovy, Perturbations in k-inflation, Phys. Lett. B 458 (1999) 219-225. 
S0370- 2693 (99) 00602-4 

X. Chen, M.-x. Huang, S. Kachru, G. Shiu, Observational signatures and non-Gaussianities of general single field inflation, JCAP 01 


(2007) 002. 

J. E. Lidsey, I. Huston, Gravitational wave constraints on Dirac-Born-Infeld inflation, JCAP 07 (2007) 002. 
G. Hailu, S. H. H. Tye, Structures in the Gauge/Gravity Duality Cascade, JHEP 08 (2007) 009. |arXiv:hep-th/0611353||doi: 10. 1088/| 
V. Miranda, W. Hu, P. Adshead, Warp Features in DBI Inflation, Phys. Rev. D 86 (2012) 063529. 
S. Franco, A. Hanany, A. M. Uranga, Multi-flux warped throats and cascading gauge theories, JHEP 09 (2005) 028. 
0502113 

J. F. G. Cascales, F. Saad, A. M. Uranga, Holographic dual of the standard model on the throat, JHEP 11 (2005) 047. 
0503079 

A. Ashoorioon, H. Firouzjahi, M. M. Sheikh-Jabbari, M-flation: Inflation From Matrix Valued Scalar Fields, JCAP 06 (2009) 018./arXiv:| 
A. Ashoorioon, H. Firouzjahi, M. M. Sheikh-Jabbari, Matrix Inflation and the Landscape of its Potential, JCAP 05 (2010) 002. 
A. Ashoorioon, M. M. Sheikh-Jabbari, Gauged M-flation, its UV sensitivity and Spectator Species, JCAP 06 (2011) 014. 
A. Ashoorioon, M. M. Sheikh-Jabbari, Gauged M-flation After BICEP2, Phys. Lett. B 739 (2014) 391-399. 
10.1016/j.physletb.2014.11.018 

R. Kallosh, A. Linde, D. Roest, Superconformal Inflationary @-Attractors, JHEP 11 (2013) 198. 


170 


[585 
[586 
[587 


[588 
[589 


[590 
[591 
[592 
[593 
[594 
[595 
[596 
[597 
[598 
[599 
[600 
[601 
[602 
[603 
[604 
[605 


[606 
[607 


[608 
[609 
[610 
[611 
[612 
[613 
[614 
[615 
[616 
[617 


[618 


R. Kallosh, A. Linde, Non-minimal Inflationary Attractors, JCAP 10 (2013) 033.{arXiv: 1307 .7938||doi : 10. 1088/1475-7516/2013/| 
M. Galante, R. Kallosh, A. Linde, D. Roest, Unity of Cosmological Inflation Attractors, Phys. Rev. Lett. 114 (14) (2015) 141302. 


R. Kallosh, A. Linde, Planck, LHC, and a-attractors, Phys. Rev. D 91 (2015) 083528. |jarXiv:1502.07733)|doi:10.1103/PhysRevD. 


91.083528 

S. Bhattacharya, K. Dutta, M. R. Gangopadhyay, A. Maharana, œ-attractor inflation: Models and PredictionsarXiv : 2212. 13363 

R. Kallosh, A. Linde, T. Wrase, Y. Yamada, Sequestered Inflation, Fortsch. Phys. 69 (11-12) (2021) 2100128. 
R. Kallosh, A. Linde, T. Wrase, Y. Yamada, IIB String Theory and Sequestered Inflation, Fortsch. Phys. 69 (11-12) (2021) 2100127. 
doi:10.1002/prop.202100127 

M. M. Anber, L. Sorbo, Naturally inflating on steep potentials through electromagnetic dissipation, Phys. Rev. D 81 (2010) 043534. 
doi:10.1103/PhysRevD.81.043534 

M. M. Anber, L. Sorbo, Non-Gaussianities and chiral gravitational waves in natural steep inflation, Phys. Rev. D 85 (2012) 123537. 
doi:10.1103/PhysRevD.85.123537 

P. Adshead, M. Wyman, Chromo-Natural Inflation: Natural inflation on a steep potential with classical non-Abelian gauge fields, Phys. 
Rev. Let. 108 (2012) 261302. arXiv:1202.2366 (doi 10. 1103/PhysRevbett. 108..261302| 

D. A. Easson, R. Gregory, D. F. Mota, G. Tasinato, I. Zavala, Spinflation, JCAP 02 (2008) 010. 


1475-7516/2008/02/010 
M.-x. Huang, G. Shiu, B. Underwood, Multifield DBI Inflation and Non-Gaussianities, Phys. Rev. D 77 (2008) 023511. arXiv:0709. 


3299 doi:10.1103/PhysRevD.77 .023511 
D. Langlois, S. Renaux-Petel, Perturbations in generalized multi-field inflation, JCAP 04 (2008) 017. arXiv:0801.1085 doi:10.1088/ 
1475-7516/2008/04/017 


D. Langlois, S. Renaux-Petel, D. A. Steer, T. Tanaka, Primordial fluctuations and non-Gaussianities in multi-field DBI inflation, Phys. Rev. 


Lett. 101 (2008) 061301. |arXiv:0804.3139) doi:10.1103/PhysRevLett.101.061301 


D. Langlois, S. Renaux-Petel, D. A. Steer, T. Tanaka, Primordial perturbations and non-Gaussianities in DBI and general multi-field 


inflation, Phys. Rev. D 78 (2008) 063523. 
S. Renaux-Petel, Combined local and equilateral non-Gaussianities from multifield DBI inflation, JCAP 10 (2009) 012. 
R. Gregory, D. Kaviani, Spinflation with Angular Potentials, JHEP 01 (2012) 037. 
J. Emery, G. Tasinato, D. Wands, Mixed non-Gaussianity in multiple-DBI inflation, JCAP 05 (2013) 021. 
T. Kidani, K. Koyama, Non-Gaussianities in DBI inflation with angular motion, Phys. Rev. D 90 (2) (2014) 023515. 
doi:10.1103/PhysRevD.90.023515 

M. Sasaki, E. D. Stewart, A General analytic formula for the spectral index of the density perturbations produced during inflation, Prog. 


Theor. Phys. 95 (1996) 71-78. arXiv:astro-ph/9507001)\doi:10.1143/PTP.95.71 


C. Gordon, D. Wands, B. A. Bassett, R. Maartens, Adiabatic and entropy perturbations from inflation, Phys. Rev. D 63 (2000) 023506. 


S. Groot Nibbelink, B. J. W. van Tent, Scalar perturbations during multiple field slow-roll inflation, Class. Quant. Grav. 19 (2002) 613-640. 
J. Ward, DBI N-flation, SHEP 12 (2007) 045. 
A. R. Brown, Hyperbolic Inflation, Phys. Rev. Lett. 121 (25) (2018) 251601. 


251601 

S. Panda, M. Sami, S. Tsujikawa, Prospects of inflation in delicate D-brane cosmology, Phys. Rev. D 76 (2007) 103512. |jarXiv:0707. 
2848) doi:10.1103/PhysRevD.76.103512 

H.-Y. Chen, J.-O. Gong, G. Shiu, Systematics of multi-field effects at the end of warped brane inflation, JHEP 09 (2008) 011. 


0807 . 1927 |doi:10.1088/1126-6708/2008/09/011 
H.-Y. Chen, J.-O. Gong, K. Koyama, G. Tasinato, Towards multi-field D-brane inflation in a warped throat, JCAP 11 (2010) 034. 


1007 . 2068 doi: 10.1088/1475-7516/2010/11/034 
M. Dias, J. Frazer, A. R. Liddle, Multifield consequences for D-brane inflation, JCAP 06 (2012) 020, [Erratum: JCAP 03, E01 (2013)]. 


T. Hertog, O. Janssen, Sharp Predictions from Eternal Inflation Patches in D-brane Inflation, JCAP 04 (2017) 011. 
doi:10.1088/1475-7516/2017/04/011 

K. Marzouk, A. Maraio, D. Seery, Non-Gaussianity in D3-brane inflation, JCAP 02 (02) (2022) 013. 
A. D. Linde, V. F. Mukhanov, Nongaussian isocurvature perturbations from inflation, Phys. Rev. D 56 (1997) R535-R539. 
D. H. Lyth, D. Wands, Generating the curvature perturbation without an inflaton, Phys. Lett. B 524 (2002) 5—14,/arXiv:hep-ph/0110002| 
T. Moroi, T. Takahashi, Effects of cosmological moduli fields on cosmic microwave background, Phys. Lett. B 522 (2001) 215-221, 


[Erratum: Phys.Lett.B 539, 303-303 (2002)]. arXiv: hep-ph/0110096 doi: 10.1016/S0370-2693(01)01295-3 


G. Dvali, A. Gruzinov, M. Zaldarriaga, A new mechanism for generating density perturbations from inflation, Phys. Rev. D 69 (2004) 


023505. |arXiv:astro-ph/0303591, doi:10.1103/PhysRevD .69.023505 


L. Kofman, Probing string theory with modulated cosmological fluctuationsarXiv : astro-ph/0303614 


171 


[619 
[620 
[621 
[622 
[623 
[624 
[625 
[626 
[627 
[628 
[629 
[630 
[631 
[632 
[633 
[634 
[635 
[636 
[637 
[638 


[639 
[640 


[641 


[642 
[643 


[644 
[645 


[646 
[647 


[648 
[649 


[650 
[651 


[652 


[653 


G. Dvali, A. Gruzinov, M. Zaldarriaga, Cosmological perturbations from inhomogeneous reheating, freezeout, and mass domination, Phys. 


Rev. D 69 (2004) 083505. |arXiv: astro-ph/0305548 doi:10.1103/PhysRevD . 69.083505 


C. P. Burgess, M. Cicoli, M. Gomez-Reino, F. Quevedo, G. Tasinato, I. Zavala, Non-standard primordial fluctuations and nongaussianity 


in string inflation, JHEP 08 (2010) 045. arXiv: 1005.4840, doi: 10.1007/JHEP08 (2010) 045 


M. Cicoli, G. Tasinato, I. Zavala, C. P. Burgess, F. Quevedo, Modulated Reheating and Large Non-Gaussianity in String Cosmology, JCAP 
05 (2012) 039. 

K. Dimopoulos, Can a vector field be responsible for the curvature perturbation in the Universe?, Phys. Rev. D 74 (2006) 083502. 
doi: 10.1103/PhysRevD . 74 .083502 

K. Dimopoulos, Statistical Anisotropy and the Vector Curvaton Paradigm, Int. J. Mod. Phys. D 21 (2012) 1250023, [Erratum: 


Int.J.Mod.Phys.D 21, 1292003 (2012)]. arXiv:1107.2779| doi:10.1142/S021827181250023X 


K. Dimopoulos, M. Karciauskas, D. H. Lyth, Y. Rodriguez, Statistical anisotropy of the curvature perturbation from vector field perturba- 


tions, JCAP 05 (2009) 013. arXiv:0809.1055 doi:10.1088/1475-7516/2009/05/013 


K. Dimopoulos, D. Wills, I. Zavala, Statistical Anisotropy from Vector Curvaton in D-brane Inflation, Nucl. Phys. B 868 (2013) 120-155. 
doi:10.1016/j.nuclphysb.2012.11.010 

P. A. R. Ade, et al., Planck 2015 results. XVI. Isotropy and statistics of the CMB, Astron. Astrophys. 594 (2016) Al6,/arXiv: 1506. 07135) 
doi:10.1051/0004-6361/201526681 

A. Maleknejad, M. M. Sheikh-Jabbari, Non-Abelian Gauge Field Inflation, Phys. Rev. D 84 (2011) 043515. 
10.1103/PhysRevD .84.043515 

A. Maleknejad, M. M. Sheikh-Jabbari, Gauge-flation: Inflation From Non-Abelian Gauge Fields, Phys. Lett. B 723 (2013) 224-228. 
doi:10.1016/j.physletb.2013.05.001 

P. Adshead, M. Wyman, Gauge-flation trajectories in Chromo-Natural Inflation, Phys. Rev. D 86 (2012) 043530. 
doi:10.1103/PhysRevD. 86.043530 

M. M. Sheikh-Jabbari, Gauge-flation Vs Chromo-Natural Inflation, Phys. Lett. B 717 (2012) 6-9. 
physletb.2012.09.014 

P. Adshead, E. Martinec, M. Wyman, Gauge fields and inflation: Chiral gravitational waves, fluctuations, and the Lyth bound, Phys. Rev. 


D 88 @) 2013) 021302, 
P. Adshead, E. Martinec, M. Wyman, Perturbations in Chromo-Natural Inflation, JHEP 09 (2013) 087. 
E. Dimastrogiovanni, M. Fasiello, T. Fujita, Primordial Gravitational Waves from Axion-Gauge Fields Dynamics, JCAP 01 (2017) 019. 
J. Holland, I. Zavala, G. Tasinato, On chromonatural inflation in string theory, JCAP 12 (2020) 026.{arXiv:2009.00653|/\doi:10.1088/) 
P. Agrawal, J. Fan, M. Reece, Clockwork Axions in Cosmology: Is Chromonatural Inflation Chrononatural?, JHEP 10 (2018) 193.{arXiv:)| 
H. Bagherian, M. Reece, W. L. Xu, The inflated Chern-Simons number in spectator chromo-natural inflation, JHEP 01 (2023) 099. arXiv: | 
2207 . 11262 

G. Dall’ Agata, Chromo-Natural inflation in Supergravity, Phys. Lett. B 782 (2018) 139-142. 


physletb.2018.05.020 
E. McDonough, S. Alexander, Observable Chiral Gravitational Waves from Inflation in String Theory, JCAP 11 (2018) 030. 
D. Wenren, Tilt and Tensor-to-Scalar Ratio in Multifield Monodromy Inflation arXiv: 1405.1411] 
G. D’ Amico, N. Kaloper, A. Westphal, Double Monodromy Inflation: A Gravity Waves Factory for CMB-S4, LiteBIRD and LISA, Phys. 
Rev. D 104 (8) (2021) LO81302, arkiv: 2104. 06863] do 10. 1103/PhysRevD. 104 1.081302 
G. D’ Amico, N. Kaloper, A. Westphal, General double monodromy inflation, Phys. Rev. D 105 (10) (2022) 103527. arXiv: 2112. 13861] 


J. Silk, M. S. Turner, Double Inflation, Phys. Rev. D 35 (1987) 419. 

G. D’ Amico, N. Kaloper, Rollercoaster cosmology, JCAP 08 (2021) 058. 
058 

S. Bhattacharya, I. Zavala, Sharp turns in axion monodromy: primordial black holes and gravitational wavesarXiv: 2205 . 06065] 

J. Fumagalli, S. Renaux-Petel, L. T. Witkowski, Oscillations in the stochastic gravitational wave background from sharp features and 
particle production during inflation, JCAP 08 (2021) 030. 


M. Braglia, X. Chen, D. K. Hazra, Probing Primordial Features with the Stochastic Gravitational Wave BackgrouncarXiv:2012.05821 
J. Fumagalli, S. e. Renaux-Petel, L. T. Witkowski, Resonant features in the stochastic gravitational wave background, JCAP 08 (2021) 059. 
J. Fumagalli, M. Pieroni, S. Renaux-Petel, L. T. Witkowski, Detecting primordial features with LISA, JCAP 07 (07) (2022) 020. 
D. J. Mulryne, J. W. Ronayne, PyTransport: A Python package for the calculation of inflationary correlation functions, J. Open Source 
Softw. 3 (23) (2018) 494. 

E. W. Kolb, M. S. Turner, The Early Universe, Vol. 69, 1990. 

G. Kane, K. Sinha, S. Watson, Cosmological Moduli and the Post-Inflationary Universe: A Critical Review, Int. J. Mod. Phys. D 24 (08) 
(2015) 1530022. arXiv:1503.07746| doi 10. 1142/5021827 1815300220 

R. Allahverdi, et al., The First Three Seconds: a Review of Possible Expansion Histories of the Early UniversdarXiv: 2006. 16182) 
R. Brustein, P. J. Steinhardt, Challenges for superstring cosmology, Phys. Lett. B 302 (1993) 196-201. 


172 


[654 
[655 
[656 


[657 
[658 


[659 
[660 


[661 
[662 


[663 
[664 


[665 
[666 


[667 
[668 


[669 


[670 
[671 
[672 
[673 
[674 
[675 
[676 
[677 
[678 
[679 
[680 
[681 
[682 
[683 
[684 
[685 
[686 
[687 


[688 


S. K. Garg, C. Krishnan, M. Zaid Zaz, Bounds on Slow Roll at the Boundary of the Landscape, JHEP 03 (2019) 029. arXiv: 1810 .09406| 
B. Valeixo Bento, D. Chakraborty, S. L. Parameswaran, I. Zavala, Dark Energy in String Theory, POS CORFU2019 (2020) 123. 
2005.10168)/doi:10.22323/1.376.0123 

M. Cicoli, F. Cunillera, A. Padilla, F. G. Pedro, Quintessence and the Swampland: The Parametrically Controlled Regime of Moduli Space, 
Fortsch. Phys. 70 (4) (2022) 2200008, 

J. Calderon-Infante, I. Ruiz, I. Valenzuela, Asymptotic Accelerated Expansion in String Theory and the SwamplancarXiv:2209.11821 
G. German, G. G. Ross, S. Sarkar, Low scale inflation, Nucl. Phys. B 608 (2001) 423-450. 
S0550-3213(01)00258-9 

R. Allahverdi, B. Dutta, K. Sinha, Low-scale Inflation and Supersymmetry Breaking in Racetrack Models, Phys. Rev. D 81 (2010) 083538. 
doi:10.1103/PhysRevD. 81 .083538 


R. Kallosh, A. D. Linde, Landscape, the scale of SUSY breaking, and inflation, JHEP 12 (2004) 004. arXiv: hep-th/0411011 


10.1088/1126-6708/2004/12/004 

R. Kallosh, A. D. Linde, O’KKLT, JHEP 02 (2007) 002. 

S. Antusch, K. Dutta, S. Halter, Combining High-scale Inflation with Low-energy SUSY, JHEP 03 (2012) 105. 
doi:10.1007/JHEP03(2012) 105 

M. Berg, J. P. Conlon, D. Marsh, L. T. Witkowski, Superpotential de-sequestering in string models, JHEP 02 (2013) 018. 


1207 . 1103| doi: 10.1007/JHEP02 (2013) 018 
M. Joyce, Electroweak Baryogenesis and the Expansion Rate of the Universe, Phys. Rev. D 55 (1997) 1875-1878. 


9606223 doi:10.1103/PhysRevD.55.1875 
arXiv:2111.01150 


Y. Gouttenoire, G. Servant, P. Simakachorn, Kination cosmology from scalar fields and gravitational-wave signatures 

F. Apers, J. P. Conlon, M. Mosny, F. Revello, Kination, Meet Kasner: On The Asymptotic Cosmology of String CompactificationsarXiv: 
2212.10293 

P. G. Ferreira, M. Joyce, Cosmology with a primordial scaling field, Phys. Rev. D 58 (1998) 023503. 


E. J. Copeland, A. R. Liddle, D. Wands, Exponential potentials and cosmological scaling solutions, Phys. Rev. D 57 (1998) 4686-4690. 


arXiv: gr-qc/9711068 doi:10.1103/PhysRevD .57 . 4686 
T. Barreiro, B. de Carlos, E. J. Copeland, Stabilizing the dilaton in superstring cosmology, Physical Review D 58 (8). |\doi:10.1103/ 


physrevd.58.083513 


URL http: //dx.doi.org/10.1103/PhysRevD .58.083513 


G. Huey, P. J. Steinhardt, B. A. Ovrut, D. Waldram, A Cosmological mechanism for stabilizing moduli, Phys. Lett. B 476 (2000) 379-386. 
doi: 10.1016/S0370-2693 (00) 00152-0 

T. Barreiro, B. de Carlos, N. J. Nunes, Moduli evolution in heterotic scenarios, Phys. Lett. B 497 (2001) 136-144. 
doi:10.1016/S0370- 2693 (00) 01308-3 

T. Barreiro, B. de Carlos, E. Copeland, N. J. Nunes, Moduli evolution in the presence of flux compactifications, Phys. Rev. D 72 (2005) 


106004. arXiv :hep-ph/0506045 doi:10.1103/PhysRevD.72.106004 


R. Brustein, S. P. de Alwis, P. Martens, Cosmological stabilization of moduli with steep potentials, Phys. Rev. D 70 (2004) 126012. 
D. A. Easson, M. Trodden, Moduli stabilization and inflation using wrapped branes, Phys. Rev. D 72 (2005) 026002. 
doi:10.1103/PhysRevD.72.026002 

C. van de Bruck, K.-Y. Choi, L. M. H. Hall, Moduli evolution in the presence of matter fields and flux compactification, JCAP 11 (2007) 
018, 

J. P. Conlon, F. Revello, Catch-Me-If-You-Can: The Overshoot Problem and the Weak/Inflation HierarchyarXiv: 2207 . 00567] 

K. Alam, K. Dutta, Effects of Reheating on Moduli Stabilizatio 

N. Itzhaki, The Overshoot Problem and Giant Structures, JHEP 10 (2008) 061. doi:10.1088/1126-6708/2008/ 
M. Badziak, M. Olechowski, Volume modulus inflection point inflation and the gravitino mass problem, JCAP 02 (2009) 010. 
0810. 4251 

T. Kobayashi, M. Sakai, Inflation, moduli (de)stabilization and supersymmetry breaking, JHEP 04 (2011) 121. 
N. T. Jones, H. Stoica, S. H. H. Tye, The Production, spectrum and evolution of cosmic strings in brane inflation, Phys. Lett. B 563 (2003) 
eld 

J. Polchinski, Introduction to cosmic F- and D-strings, in: NATO Advanced Study Institute and EC Summer School on String Theory: 
From Gauge Interactions to Cosmology, 2004, pp. 229-253. 

N. Barnaby, C. P. Burgess, J. M. Cline, Warped reheating in brane-antibrane inflation, JCAP 04 (2005) 007. 
L. Kofman, P. Yi, Reheating the universe after string theory inflation, Phys. Rev. D 72 (2005) 106001. 
D. Chialva, G. Shiu, B. Underwood, Warped reheating in multi-throat brane inflation, JHEP 01 (2006) 014. 


doi:10.1088/1126-6708/2006/01/014 
A. R. Frey, A. Mazumdar, R. C. Myers, Stringy effects during inflation and reheating, Phys. Rev. D 73 (2006) 026003. 


0508139 |doi:10.1103/PhysRevD .73.026003 
G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby, G. G. Ross, Cosmological Problems for the Polonyi Potential, Phys. Lett. B 131 (1983) 


59-64. doi:10.1016/0370-2693(83)91091-2 
T. Banks, D. B. Kaplan, A. E. Nelson, Cosmological implications of dynamical supersymmetry breaking, Phys. Rev. D 49 (1994) 779-787. 


173 


[689 
[690 
[691 
[692 


[693 
[694 


[695 
[696 
[697 
[698 
[699 
[700 
[701 
[702 
[703 
[704 
[705 
[706 
[707 
[708 
[709 
[710 
[711 
[712 
[713 
[714 
[715 
[716 
[717 
[718 
[719 
[720 


[721 


arXiv :hep-ph/9308292 doi:10.1103/PhysRevD.49.779 


B. de Carlos, J. A. Casas, F. Quevedo, E. Roulet, Model independent properties and cosmological implications of the dilaton and moduli 


sectors of 4-d strings, Phys. Lett. B 318 (1993) 447—456. arXiv :hep-ph/9308325| doi : 10. 1016/0370-2693 (93)91538-X 


W. Buchmuller, R. D. Peccei, T. Yanagida, Leptogenesis as the origin of matter, Ann. Rev. Nucl. Part. Sci. 55 (2005) 311-355. 


hep-ph/0502169 |doi:10.1146/annurev .nuc1.55.090704.151558 


K. Choi, A. Falkowski, H. P. Nilles, M. Olechowski, S. Pokorski, Stability of flux compactifications and the pattern of supersymmetry 


breaking, JHEP 11 (2004) 076. arxiv :hep-th/041 1068| [doi : 10. 1088/ 1126-6708/2004/ 117078] 
K. Choi, A. Falkowski, H. P. Nilles, M. Olechowski, Soft supersymmetry breaking in KKLT flux compactification, Nucl. Phys. B 718 
(2005) 113-133. [arXiv :hep-th/0503216||doi: 10. 1016/j .nuclphysb. 2005 . 04.032 
K. Choi, H. P. Nilles, The Gaugino code, JHEP 04 (2007) 006. 
J. P. Conlon, F. Quevedo, Gaugino and Scalar Masses in the Landscape, JHEP 06 (2006) 029. 
J. P. Conlon, D. Cremades, F. Quevedo, Kahler potentials of chiral matter fields for Calabi-Yau string compactifications, JHEP 01 (2007) 


022. arXiv: hep-th/0609180) doi:10.1088/1126-6708/2007/01/022 


J. P. Conlon, S. S. Abdussalam, F. Quevedo, K. Suruliz, Soft SUSY Breaking Terms for Chiral Matter in IIB String Compactifications, 
JEP 01 (2007) 032. [arXiv :hep-th/0610129] doi: 10.1086/1126-6708/2007/01/032| 

A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper, J. March-Russell, String Axiverse, Phys. Rev. D 81 (2010) 123530. 
doi:10.1103/PhysRevD .81.123530 

M. Demirtas, C. Long, L. McAllister, M. Stillman, The Kreuzer-Skarke Axiverse, JHEP 04 (2020) 138. 
J. P. Conlon, M. C. D. Marsh, Excess Astrophysical Photons from a 0.1-1 keV Cosmic Axion Background, Phys. Rev. Lett. 111 (15) 
(2013) 151301. arXiv: 1808.3603) doi :10.1108/PhysRevLett.111. 161301 

J. A. Dror, H. Murayama, N. L. Rodd, Cosmic axion background, Phys. Rev. D 103 (11) (2021) 115004. 


10.1103/PhysRevD.103.115004 

M. Cicoli, J. P. Conlon, F. Quevedo, Dark radiation in LARGE volume models, Phys. Rev. D 87 (4) (2013) 043520. 
T. Higaki, F. Takahashi, Dark Radiation and Dark Matter in Large Volume Compactifications, JHEP 11 (2012) 125. 
K. Choi, W.-I. Park, C. S. Shin, Cosmological moduli problem in large volume scenario and thermal inflation, JCAP 03 (2013) 011. 
J. P. Conlon, M. C. D. Marsh, The Cosmophenomenology of Axionic Dark Radiation, JHEP 10 (2013) 214. 
S. Angus, J. P. Conlon, U. Haisch, A. J. Powell, Loop corrections to ANefp in large volume models, JHEP 12 (2013) 061. 
R. Allahverdi, M. Cicoli, B. Dutta, K. Sinha, Correlation between Dark Matter and Dark Radiation in String Compactifications, JCAP 10 
(2014) 002. 

S. Angus, Dark Radiation in Anisotropic LARGE Volume Compactifications, JHEP 10 (2014) 184. 
A. Hebecker, P. Mangat, F. Rompineve, L. T. Witkowski, Dark Radiation predictions from general Large Volume Scenarios, JHEP 09 
(2014) 140, arXiv: 1403..6810) doi :10. 1007/ IHEPOS (2014) 140 

M. Cicoli, F. Muia, General Analysis of Dark Radiation in Sequestered String Models, JHEP 12 (2015) 152. 
K. S. Jeong, W. I. Park, Axionphilic cosmological moduli, Phys. Rev. D 104 (12) (2021) 123528. 
T. Higaki, K. Nakayama, F. Takahashi, Moduli-Induced Axion Problem, JHEP 07 (2013) 005. 
M. C. D. Marsh, The Darkness of Spin-0 Dark Radiation, JCAP 01 (2015) 017. 
B. S. Acharya, C. Pongkitivanichkul, The Axiverse induced Dark Radiation Problem, JHEP 04 (2016) 009. 
B. S. Acharya, M. Dhuria, D. Ghosh, A. Maharana, F. Muia, Cosmology in the presence of multiple light moduli, JCAP 11 (2019) 035. 
A. R. Frey, R. Mahanta, A. Maharana, Dark radiation and the Hagedorn phase, Phys. Rev. D 105 (6) (2022) 066007. 


H. Baer, V. Barger, R. Wiley Deal, Dark matter and dark radiation from the early universe with a modulus coupled to the PQMSSMarXiv:| 
2301.12546 
T. Higaki, K. Nakayama, F. Takahashi, Cosmological constraints on axionic dark radiation from axion-photon conversion in the early 


Universe, JCAP 09 (2013) 030. arXiv: 1306.6518 doi: 10.1088/1475-7516/2013/09/030 
M. Fairbairn, Axionic Dark Radiation and the Milky Way’s Magnetic Field, Phys. Rev. D 89 (6) (2014) 064020. |arXiv:1310.4464 


doi:10.1103/PhysRevD .89.064020 


S. Angus, J. P. Conlon, M. C. D. Marsh, A. J. Powell, L. T. Witkowski, Soft X-ray Excess in the Coma Cluster from a Cosmic Axion 


Background, JCAP 09 (2014) 026. arXiv: 1312.3947 doi:10.1088/1475-7516/2014/09/026 


D. Kraljic, M. Rummel, J. P. Conlon, ALP Conversion and the Soft X-ray Excess in the Outskirts of the Coma Cluster, JCAP 01 (2015) 


O11. arXiv:1406.5188)|doi:10.1088/1475-7516/2015/01/011 
A. J. Powell, A Cosmic ALP Background and the Cluster Soft X-ray Excess in A665, A2199 and A2255, JCAP 09 (2015) 017. 


174 


[722 
[723 
[724 


[725 


[726 
[727 
[728 
[729 
[730 
[731 
[732 
[733 
[734 
[735 
[736 
[737 
[738 
[739 


[740 
[741 


[742 
[743 
[744 
[745 
[746 
[747 
[748 
[749 
[750 
[751 
[752 


[753 


1411.4172 |\doi:10.1088/1475-7516/2015/09/017 
F. V. Day, Cosmic axion background propagation in galaxies, Phys. Lett. B 753 (2016) 600-611.ļarXiv :1506.05334|doi:10.1016/j. 


physletb.2015.12.058 

C. Evoli, M. Leo, A. Mirizzi, D. Montanino, Reionization during the dark ages from a cosmic axion background, JCAP 05 (2016) 006. 
F. Schiavone, D. Montanino, A. Mirizzi, F. Capozzi, Axion-like particles from primordial black holes shining through the Universe, JCAP 
08 (2021) 063. 

S. Bhattacharya, S. Das, K. Dutta, M. R. Gangopadhyay, R. Mahanta, A. Maharana, Nonthermal hot dark matter from inflaton or moduli 
decay: Momentum distribution and relaxation of the cosmological mass bound, Phys. Rev. D 103 (6) (2021) 063503.[arXiv : 2009 .05987] 
A. Banerjee, S. Das, A. Maharana, R. Kumar Sharma, Signatures of Light Massive Relics on non-linear structure formation, Mon. Not. 
Roy. Astron. Soc. 516 (2) (2022) 2038-2049. 

M. Endo, K. Hamaguchi, F. Takahashi, Moduli-induced gravitino problem, Phys. Rev. Lett. 96 (2006) 211301. 
S. Nakamura, M. Yamaguchi, Gravitino production from heavy moduli decay and cosmological moduli problem revived, Phys. Lett. B 638 
(2006) 389-395. 

M. Kawasaki, F. Takahashi, T. T. Yanagida, Gravitino overproduction in inflaton decay, Phys. Lett. B 638 (2006) 8-12. 
M. Dine, R. Kitano, A. Morisse, Y. Shirman, Moduli decays and gravitinos, Phys. Rev. D 73 (2006) 123518. 
doi:10.1103/PhysRevD.73.123518 

T. Asaka, S. Nakamura, M. Yamaguchi, Gravitinos from heavy scalar decay, Phys. Rev. D 74 (2006) 023520. 
doi:10.1103/PhysRevD.74.023520 

M. Kawasaki, F. Takahashi, T. T. Yanagida, The Gravitino-overproduction problem in inflationary universe, Phys. Rev. D 74 (2006) 043519. 


arXiv: hep-ph/0605297 doi:10.1103/PhysRevD.74.043519 


M. Endo, M. Kawasaki, F. Takahashi, T. T. Yanagida, Inflaton decay through supergravity effects, Phys. Lett. B 642 (2006) 518-524. 


doi:10.1016/j.physletb.2006.09.044 

M. Endo, F. Takahashi, T. T. Yanagida, Anomaly-induced inflaton decay and gravitino-overproduction problem, Phys. Lett. B 658 (2008) 
236-240, 

N. Shuhmaher, A Note on the moduli-induced gravitino problem, JHEP 12 (2008) 094. 


J. J. Heckman, A. Tavanfar, C. Vafa, Cosmology of F-theory GUTs, JHEP 04 (2010) 054. 
B. Dutta, L. Leblond, K. Sinha, Mirage in the Sky: Non-thermal Dark Matter, Gravitino Problem, and Cosmic Ray Anomalies, Phys. Rev. 
D 80 2009) 035014. 

B. S. Acharya, G. Kane, S. Watson, P. Kumar, A Non-thermal WIMP Miracle, Phys. Rev. D 80 (2009) 083529. 
K. Nakayama, F. Takahashi, T. T. Yanagida, Eluding the Gravitino Overproduction in Inflaton Decay, Phys. Lett. B 718 (2012) 526-531. 
K. S. Jeong, F. Takahashi, A Gravitino-rich Universe, JHEP 01 (2013) 173. 


J. L. Evans, M. A. G. Garcia, K. A. Olive, The Moduli and Gravitino (non)-Problems in Models with Strongly Stabilized Moduli, JCAP 


03 (2014) 022. arXiv: 1311.0052||doi:10.1088/1475-7516/2014/03/022 
H. Otsuka, Moduli stabilization to a natural MSSM with gravitino dark matter and inflation, Phys. Rev. D 92 (4) (2015) 045001. 


1504.02040 doi:10.1103/PhysRevD.92.045001 
K. Akita, T. Kobayashi, A. Oikawa, H. Otsuka, Moduli mediation without moduli-induced gravitino problem, JHEP 05 (2016) 178. 


K. J. Bae, H. Baer, V. Barger, R. W. Deal, The cosmological moduli problem and naturalness, JHEP 02 (2022) 138. 
P. A. R. Ade, et al., Planck 2013 results. XXII. Constraints on inflation, Astron. Astrophys. 571 (2014) A22. 


10.1051/0004-6361/201321569 
R. Easther, R. Galvez, O. Ozsoy, S. Watson, Supersymmetry, Nonthermal Dark Matter and Precision Cosmology, Phys. Rev. D 89 (2) 


(2014) 023522. arXiv : 1307 . 2453| doi: 10.1103/PhysRevD . 89 .023522 


K. Dutta, A. Maharana, Inflationary constraints on modulus dominated cosmology, Phys. Rev. D 91 (4) (2015) 043503. arXiv:1409. 


7037| doi:10.1103/PhysRevD.91.043503 


R. M. P. Neves, S. Santos Da Costa, F. A. Brito, J. S. Alcaniz, Brane inflation driven by an arctan potential: CMB constraints and reheating, 


JCAP 07 (07) (2022) 024. arXiv :2011.05264| doi:10.1088/1475-7516/2022/07/024 


W. Buchmuller, K. Hamaguchi, O. Lebedev, M. Ratz, Dilaton destabilization at high temperature, Nucl. Phys. B 699 (2004) 292-308. 


arXiv:hep-th/0404168 |doi:10.1016/j .nuclphysb.2004.08.031 
W. Buchmuller, K. Hamaguchi, O. Lebedev, M. Ratz, Maximal temperature in flux compactifications, JCAP 01 (2005) 004. 


hep-th/0411109 doi: 10.1088/1475-7516/2005/01/004 


R. J. Danos, A. R. Frey, R. H. Brandenberger, Stabilizing moduli with thermal matter and nonperturbative effects, Phys. Rev. D 77 (2008) 


126009. |arXiv:0802.1557) doi:10.1103/PhysRevD.77 . 126009 


L. Anguelova, V. Calo, M. Cicoli, LARGE Volume String Compactifications at Finite Temperature, JCAP 10 (2009) 025. arXiv:0904. 


doi: 10. 1088/1475-7516/2009/10/025 
A. Di Marco, G. De Gasperis, G. Pradisi, P. Cabella, Energy Density, Temperature and Entropy Dynamics in Perturbative Reheating, Phys. 


Rev. D 100 (12) (2019) 123532. [arXiv : 1907 .06084|/doi:10.1103/PhysRevD. 100. 123532 
175 


[754 


[755 
[756 


[757 
[758 
[759 
[760 
[761 
[762 
[763 
[764 
[765 
[766 
[767 
[768 
[769 


[770 
[771 


[772 
[773 
[774 


[775 
[776 


[777 
[778 
[779 
[780 


[781 


[782 
[783 
[784 
[785 
[786 
[787 


[788 


D. Gallego, Finite temperature effects in modular cosmology, JCAP 09 (2020) 033. 
I. Affleck, M. Dine, A New Mechanism for Baryogenesis, Nucl. Phys. B 249 (1985) 361-380. 
R. Allahverdi, M. Cicoli, F. Muia, Affleck-Dine Baryogenesis in Type IIB String Models, JHEP 06 (2016) 153. 
G. Kane, J. Shao, S. Watson, H.-B. Yu, The Baryon-Dark Matter Ratio Via Moduli Decay After Affleck-Dine Baryogenesis, JCAP 11 
(2011) 012. arxiv: 1108.5178|[do1: 10.1088/1475-7516/2011/11/012] 

T. Moroi, L. Randall, Wino cold dark matter from anomaly mediated SUSY breaking, Nucl. Phys. B 570 (2000) 455-472. 
doi:10.1016/50550-3213(99)00748-8 

B. S. Acharya, P. Kumar, K. Bobkov, G. Kane, J. Shao, S. Watson, Non-thermal Dark Matter and the Moduli Problem in String Frameworks, 


JHEP 06 (2008) 064. arXiv:0804.0863 doi :10.1088/1126-6708/2008/06/064 
B. S. Acharya, G. Kane, S. Watson, P. Kumar, A Non-thermal WIMP Miracle, Phys. Rev. D 80 (2009) 083529. arXiv:0908.2430 


doi:10.1103/PhysRevD .80.083529 


R. Allahverdi, M. Cicoli, B. Dutta, K. Sinha, Nonthermal dark matter in string compactifications, Phys. Rev. D 88 (9) (2013) 095015. 


arXiv:1307.5086 doi:10.1103/PhysRevD.88.095015 


N. Blinov, J. Kozaczuk, A. Menon, D. E. Morrissey, Confronting the moduli-induced lightest-superpartner problem, Phys. Rev. D 91 (3) 


(2015) 035026. arXiv: 1409.1222 \doi:10.1103/PhysRevD.91.035026 


L. Aparicio, M. Cicoli, B. Dutta, S. Krippendorf, A. Maharana, F. Muia, F. Quevedo, Non-thermal CMSSM with a 125 GeV Higgs, JHEP 


05 (2015) 098. arXiv: 1502 .05672| doi : 10 .1007/ JHEPO5 (2015) 098 


G. L. Kane, P. Kumar, B. D. Nelson, B. Zheng, Dark matter production mechanisms with a nonthermal cosmological history: A classifica- 


tion, Phys. Rev. D 93 (6) (2016) 063527. 
M. Dhuria, C. Hati, U. Sarkar, Moduli induced cogenesis of baryon asymmetry and dark matter, Phys. Lett. B 756 (2016) 376-383. 
M. Reece, T. Roxlo, Nonthermal production of dark radiation and dark matter, JHEP 09 (2016) 096. {arXiv:1511.06768||doi : 10. 1007/| 
L. Aparicio, M. Cicoli, B. Dutta, F. Muia, F. Quevedo, Light Higgsino Dark Matter from Non-thermal Cosmology, JHEP 11 (2016) 038. 


arXiv: 1607.00004) doi:10.1007/JHEP11 (2016) 038 
R. Allahverdi, K. Dutta, A. Maharana, Constraining Non-thermal Dark Matter by CMB, JCAP 10 (2018) 038. |arXiv:1808.02659 


doi:10.1088/1475-7516/2018/10/038 
M. Kamionkowski, J. March-Russell, Planck scale physics and the Peccei-Quinn mechanism, Phys. Lett. B 282 (1992) 137-141. 


hep-th/9202003 doi:10.1016/0370-2693(92)90492-M 
S. M. Barr, D. Seckel, Planck scale corrections to axion models, Phys. Rev. D 46 (1992) 539-549. \doi:10.1103/PhysRevD. 46.539 
R. Holman, S. D. H. Hsu, T. W. Kephart, E. W. Kolb, R. Watkins, L. M. Widrow, Solutions to the strong CP problem in a world with 


gravity, Phys. Lett. B 282 (1992) 132-136. arXiv :hep-ph/9203206| doi: 10.1016/0370-2693(92)90491-L 
G. Dvali, Strong-CP with and without gravityarXiv:2209.14219 


C. P. Burgess, G. Choi, F. Quevedo, UV and IR Effects in Axion Quality ControlarXiv:2301.00549) 

M. Kawasaki, T. Moroi, T. Yanagida, Can decaying particles raise the upper bound on the Peccei-Quinn scale?, Phys. Lett. B 383 (1996) 
313-316. 

P. Fox, A. Pierce, S. D. Thomas, Probing a QCD string axion with precision cosmological measurementfarXiv :hep-th/0409059] 


I. Broeckel, M. Cicoli, A. Maharana, K. Singh, K. Sinha, Moduli stabilisation and the statistics of axion physics in the landscape, JHEP 08 


(2021) 059, [Addendum: JHEP 01, 191 (2022)]. arXiv :2105.02889 |doi :10.1007/JHEPO1(2022)191 
W. Hu, R. Barkana, A. Gruzinov, Cold and fuzzy dark matter, Phys. Rev. Lett. 85 (2000) 1158-1161. arXiv:astro-ph/0003365 


doi:10.1103/PhysRevLett.85.1158 


H.-Y. Schive, T. Chiueh, T. Broadhurst, Cosmic Structure as the Quantum Interference of a Coherent Dark Wave, Nature Phys. 10 (2014) 


496-499, jarkiv: 1406 .6586) doi :10.1038/nphys2996 
L. Hui, J. P. Ostriker, S. Tremaine, E. Witten, Ultralight scalars as cosmological dark matter, Phys. Rev. D 95 (4) (2017) 043541. 
L. Hui, Wave Dark Matter, Ann. Rev. Astron. Astrophys. 59 (2021) 247-289. 
H.-Y. Schive, M.-H. Liao, T.-P. Woo, S.-K. Wong, T. Chiueh, T. Broadhurst, W. Y. P. Hwang, Understanding the Core-Halo Relation 
of Quantum Wave Dark Matter from 3D Simulations, Phys. Rev. Lett. 113 (26) (2014) 261302. 
M. Cicoli, V. Guidetti, N. Righi, A. Westphal, Fuzzy Dark Matter candidates from string theory, JHEP 05 (2022) 107.|arXiv:2110.02964| 
R. Alonso, A. Urbano, Wormholes and masses for Goldstone bosons, JHEP 02 (2019) 136. 
A. Hebecker, T. Mikhail, P. Soler, Euclidean wormholes, baby universes, and their impact on particle physics and cosmology, Front. Astron. 
Space Sei. 5 (2018) 35, 

A. Hebecker, S. Leonhardt, J. Moritz, A. Westphal, Thraxions: Ultralight Throat Axions, JHEP 04 (2019) 158. 
doi:10.1007/JHEP04(2019)158 

J. Halverson, B. D. Nelson, F. Ruehle, String Theory and the Dark Glueball Problem, Phys. Rev. D 95 (4) (2017) 043527. 


J. Halverson, B. D. Nelson, F. Ruehle, G. Salinas, Dark Glueballs and their Ultralight Axions, Phys. Rev. D 98 (4) (2018) 043502. 


arXiv:1805.06011 doi:10.1103/PhysRevD. 98.043502 


L. Aparicio, D. G. Cerdeno, L. E. Ibanez, Modulus-dominated SUSY-breaking soft terms in F-theory and their test at LHC, JHEP 07 (2008) 


176 


[789 
[790 
[791 
[792 
[793 
[794 
[795 


[796 
[797 


[798 


[799 
[800 


[801 
[802 
[803 
[804 
[805 
[806 
[807 


[808 
[809 


[810 
[811 
[812 
[813 
[814 
[815 


[816 


[817 
[818 
[819 
[820 
[821 
[822 
[823 


[824 


099, 
F. Denef, M. R. Douglas, Distributions of nonsupersymmetric flux vacua, JHEP 03 (2005) 061. 
I. Broeckel, M. Cicoli, A. Maharana, K. Singh, K. Sinha, Moduli Stabilisation and the Statistics of SUSY Breaking in the Landscape, JHEP 


10 (2020) 015. arXiv: 2007 .04327 doi : 10 . 1007/ JHEPO9 (2021)019 


M. Cicoli, M. Licheri, A. Maharana, K. Singh, K. Sinha, Joint statistics of cosmological constant and SUSY breaking in flux vacua with 
nilpotent Goldstino, JHEP 01 (2023) 013. 

L. Heurtier, Y. Mambrini, M. Pierre, Dark matter interpretation of the ANITA anomalous events, Phys. Rev. D 99 (9) (2019) 095014. 
doi:10.1103/PhysRevD.99.095014 

E. Dudas, L. Heurtier, Y. Mambrini, K. A. Olive, M. Pierre, Model of metastable EeV dark matter, Phys. Rev. D 101 (11) (2020) 115029. 
doi:10.1103/PhysRevD.101.115029 

L. Visinelli, Boson stars and oscillatons: A review, Int. J. Mod. Phys. D 30 (15) (2021) 2130006. 
$0218271821300068 

A. Ringwald, J. Schiitte-Engel, C. Tamarit, Gravitational Waves as a Big Bang Thermometer, JCAP 03 (2021) 054. 
doi:10.1088/1475-7516/2021/03/054 


F. Muia, F. Quevedo, A. Schachner, G. Villa, Testing BSM Physics with Gravitational WavesarXiv : 2303.01548 


N. Aggarwal, et al., Challenges and opportunities of gravitational-wave searches at MHz to GHz frequencies, Living Rev. Rel. 24 (1) 


2021) 4 
T. Andrade, et al., GRChombo: An adaptable numerical relativity code for fundamental physics, J. Open Source Softw. 6 (68) (2021) 3703. 
doi:10.21105/joss .03703 

S. Krippendorf, F. Muia, F. Quevedo, Moduli Stars, JHEP 08 (2018) 070. 

F. Muia, M. Cicoli, K. Clough, F. Pedro, F. Quevedo, G. P. Vacca, The Fate of Dense Scalar Stars, JCAP 07 (2019) 044. 
Z. Nazari, M. Cicoli, K. Clough, F. Muia, Oscillon collapse to black holes, JCAP 05 (2021) 027. 
T. W. B. Kibble, Topology of Cosmic Domains and Strings, J. Phys. A 9 (1976) 1387-1398. 


Y. B. Zeldovich, Cosmological fluctuations produced near a singularity, Mon. Not. Roy. Astron. Soc. 192 (1980) 663-667. 

A. Vilenkin, Cosmological Density Fluctuations Produced by Vacuum Strings, Phys. Rev. Lett. 46 (1981) 1169-1172, [Erratum: 
Phys.Rev.Lett. 46, 1496 (1981)]. 

P. A. R. Ade, et al., Planck 2013 results. XXV. Searches for cosmic strings and other topological defects, Astron. Astrophys. 571 (2014) 
A25. 

M. B. Hindmarsh, T. W. B. Kibble, Cosmic strings, Rept. Prog. Phys. 58 (1995) 477-562. 
M. Gorghetto, E. Hardy, G. Villadoro, Axions from Strings: the Attractive Solution, JHEP 07 (2018) 151. 
E. Witten, Superconducting Strings, Nucl. Phys. B 249 (1985) 557-592. 

E. J. Copeland, T. W. B. Kibble, Cosmic Strings and Superstrings, Proc. Roy. Soc. Lond. A 466 (2010) 623-657. 
A. G. Riess, et al., Observational evidence from supernovae for an accelerating universe and a cosmological constant, Astron. J. 116 (1998) 
1009-1038. 

S. Perlmutter, et al., Measurements of Q and A from 42 high redshift supernovae, Astrophys. J. 517 (1999) 565-586. 


D. N. Spergel, et al., First year Wilkinson Microwave Anisotropy Probe (WMAP) observations: Determination of cosmological parameters, 


Astrophys. J. Suppl. 148 (2003) 175-194. 

D. J. Eisenstein, et al., Detection of the Baryon Acoustic Peak in the Large-Scale Correlation Function of SDSS Luminous Red Galaxies, 

Astrophys. J. 633 (2005) 560-574. arXiv :astro-ph/050117 1| [do : 10. 1086/466512] 

S. Sarkar, Is the evidence for dark energy secure?, Gen. Rel. Grav. 40 (2008) 269-284. 
714-007-054 

S. Weinberg, Rev. Mod. Phys. 61 (1989) 1-23. 

URL|https ://link aps .org/doi/10. 1103/RevModPhys .61.1 

S. Weinberg, Phys. Rev. Lett. 59 (1987) 2607-2610. 

2607 

URL bttps://Link aps .org/doi/10.1103/PhysRevLett .59. 2607 

J. Garriga, A. Vilenkin, On likely values of the cosmological constant, Phys. Rev. D 61 (2000) 083502. 


P. Berglund, T. Hubsch, D. Minic, On de Sitter Spacetime and String Theo 
doi:10.1140/epjs/s11734-021-00195-w 


K. Dutta, A. Maharana, Models of accelerating universe in supergravity and string theor 
S. M. Carroll, The Cosmological constant, Living Rev. Rel. 4 (2001) 1. arXiv: astro-ph/0004075) doi:10.12942/1rr-2001-1 
arXiv:hep-th/0212290 


T. Padmanabhan, Cosmological constant: The Weight of the vacuum, Phys. Rept. 380 (2003) 235-320. 
10.1016/S0370- 1573(03)00120-0 

J. Martin, Everything You Always Wanted To Know About The Cosmological Constant Problem (But Were Afraid To Ask), Comptes 
Rendus Physique 13 (2012) 566-665. 


M. Li, X.-D. Li, S. Wang, Y. Wang, Dark Energy: A Brief Review, Front. Phys. (Beijing) 8 (2013) 828-846. |arXiv:1209.0922 


doi:10.1007/s11467-013-0300-5 
C. P. Burgess, The Cosmological Constant Problem: Why it’s hard to get Dark Energy from Micro-physics, in: 100e Ecole d’Ete de 


177 


[825 
[826 


[827 
[828 


[829 
[830 
[831 
[832 
[833 
[834 
[835 
[836 
[837 
[838 
[839 
[840 
[841 


[842 
[843 


[844 
[845 
[846 
[847 
[848 
[849 
[850 
[851 
[852 
[853 
[854 
[855 
[856 
[857 
[858 


[859 


Physique: Post-Planck Cosmology, 2015, pp. 149-197. arXiv: 1309 .4133| doi:10.1093/acprof : 0so/9780198728856 . 003.0004 


A. Padilla, Lectures on the Cosmological Constant Proble: 
N. Straumann, The History of the cosmological constant problem, in: 18th IAP Colloquium on the Nature of Dark Energy: Observational 
and Theoretical Results on the Accelerating Universe, 2002. 

J. F. Koksma, T. Prokopec, The Cosmological Constant and Lorentz Invariance of the Vacuum StatdarXiv: 1105.6296] 

J. Polchinski, The Cosmological Constant and the String Landscape, in: 23rd Solvay Conference in Physics: The Quantum Structure of 
Space and Time, 2006, pp. 216-236. 

M. R. Douglas, The Statistics of string / M theory vacua, JHEP 05 (2003) 046. 


2003/05/046 


. Ashok, M. R. Douglas, Counting flux vacua, JHEP 01 (2004) 060. arXiv: hep-th/0307049| doi:10.1088/1126-6708/2004/01/ 


L. F. Abbott, A Mechanism for Reducing the Value of the Cosmological Constant, Phys. Lett. B 150 (1985) 427-430. |doi:10.1016/ 
0370-2693 (85) 90459-9 
J. D. Brown, C. Teitelboim, Dynamical Neutralization of the Cosmological Constant, Phys. Lett. B 195 (1987) 177-182. doi:10.1016/ 


R. Bousso, TASI Lectures on the Cosmological Constant, Gen. Rel. Grav. 40 (2008) 607-637. 
s10714-007-0557-5 

W. Taylor, Y.-N. Wang, The F-theory geometry with most flux vacua, JHEP 12 (2015) 164. 
JHEP 12 (2015) 164 

J. J. Heckman, C. Lawrie, L. Lin, J. Sakstein, G. Zoccarato, Pixelated Dark Energy, Fortsch. Phys. 67 (11) (2019) 1900071. 
1901.10489) doi:10.1002/prop.201900071 

J. J. Heckman, C. Lawrie, L. Lin, G. Zoccarato, F-theory and Dark Energy, Fortsch. Phys. 67 (10) (2019) 1900057. 
J. Kumar, A Review of distributions on the string landscape, Int. J. Mod. Phys. A 21 (2006) 3441-3472. 
D.N. Page, Typicality DefendecarXiv: 0707 . 4169] 

J. B. Hartle, M. Srednicki, Are we typical?, Phys. Rev. D 75 (2007) 123523.{arXiv:0704.2630| doi :10.1103/PhysRevD .75 . 123523| 
A. D. Linde, D. A. Linde, A. Mezhlumian, From the Big Bang theory to the theory of a stationary universe, Phys. Rev. D 49 (1994) 
1783-1826, arXiv :gr-qc/9306035][äoi: 10.1103/PhysRevD. 49.1783 

A. H. Guth, Inflation and eternal inflation, Phys. Rept. 333 (2000) 555-574. 
C. Vafa, The String landscape and the swamplandarXiv:hep-th/0509212| 

G. Dvali, C. Gomez, S. Zell, Quantum Breaking Bound on de Sitter and Swampland, Fortsch. Phys. 67 (1-2) (2019) 1800094. 
doi:10.1002/prop. 201800094 

B. Freivogel, Y. Sekino, L. Susskind, C.-P. Yeh, A Holographic framework for eternal inflation, Phys. Rev. D 74 (2006) 086003. 
doi:10.1103/PhysRevD .74. 086003 

Y. Sekino, L. Susskind, Census Taking in the Hat: FRW/CFT Duality, Phys. Rev. D 80 (2009) 083531. 
G. Kartvelishvili, J. Khoury, A. Sharma, The Self-Organized Critical Multiverse, JCAP 02 (2021) 028. 
G. F. Giudice, M. McCullough, T. You, Self-organised localisation, JHEP 10 (2021) 093. 
A. R. Liddle, R. J. Scherrer, A Classification of scalar field potentials with cosmological scaling solutions, Phys. Rev. D 59 (1999) 023509. 
C. F. Kolda, D. H. Lyth, Quintessential difficulties, Phys. Lett. B 458 (1999) 197-201. 


S0370- 2693 (99) 00657-7 

S. Weinberg, Approximate symmetries and pseudoGoldstone bosons, Phys. Rev. Lett. 29 (1972) 1698-1701. 
PhysRevLett. 29.1698 

I. Zlatev, L.-M. Wang, P. J. Steinhardt, Quintessence, cosmic coincidence, and the cosmological constant, Phys. Rev. Lett. 82 (1999) 


896-899. arXiv: astro-ph/9807002) doi:10.1103/PhysRevLett .82.896 
P. J. Steinhardt, L.-M. Wang, I. Zlatev, Cosmological tracking solutions, Phys. Rev. D 59 (1999) 123504. arXiv: astro-ph/9812313 
doi:10.1103/PhysRevD.59. 123504 


E. G. Adelberger, B. R. Heckel, A. E. Nelson, Tests of the gravitational inverse square law, Ann. Rev. Nucl. Part. Sci. 53 (2003) 77-121. 


doi:10.1146/annurev.nucl.53.041002. 110503 

T. Damour, J. F. Donoghue, Equivalence Principle Violations and Couplings of a Light Dilaton, Phys. Rev. D 82 (2010) 084033. 
doi:10.1103/PhysRevD . 82.084033 

A. I. Vainshtein, To the problem of nonvanishing gravitation mass, Phys. Lett. B 39 (1972) 393-394. 


90147-5 
J. Khoury, A. Weltman, Chameleon fields: Awaiting surprises for tests of gravity in space, Phys. Rev. Lett. 93 (2004) 171104. 


astro-ph/0309300. doi:10.1103/PhysRevLett .93.171104 
B. Feldman, A. E. Nelson, New regions for a chameleon to hide, JHEP 08 (2006) 002. arXiv:hep-ph/0603057, doi:10.1088/ 


1126-6708/2006/08/002 
K. Hinterbichler, J. Khoury, Symmetron Fields: Screening Long-Range Forces Through Local Symmetry Restoration, Phys. Rev. Lett. 104 


(2010) 231301. arXiv:1001.4525 |doi:10.1103/PhysRevLett . 104.231301 
P. Brax, C. van de Bruck, A.-C. Davis, D. Shaw, The Dilaton and Modified Gravity, Phys. Rev. D 82 (2010) 063519. arXiv : 1005.3735 


n 


178 


[860 
[861 
[862 
[863 
[864 
[865 
[866 
[867 


[868 


[869 
[870 


[871 
[872 
[873 
[874 
[875 


[876 
[877 


[878 
[879 
[880 
[881 
[882 
[883 
[884 
[885 
[886 
[887 
[888 
[889 
[890 
[891 
[892 


[893 


doi:10.1103/PhysRevD .82.063519 


K. Hinterbichler, J. Khoury, H. Nastase, Towards a UV Completion for Chameleon Scalar Theories, JHEP 03 (2011) 061, [Erratum: JHEP 
06, 072 (2011)]. 

D. J. E. Marsh, Axion Cosmology, Phys. Rept. 643 (2016) 1-79. 
R. L. Workman, Review of Particle Physics, PTEP 2022 (2022) 083C01. 


G. Raffelt, Limits on a CP-violating scalar axion-nucleon interaction, Phys. Rev. D 86 (2012) 015001. 
C. P. Burgess, F. Quevedo, Axion homeopathy: screening dilaton interactions, JCAP 04 (04) (2022) 007. 
P. Brax, C. Burgess, F. Quevedo, Light Axiodilatons: Matter Couplings, Weak-Scale Completions and Long-Distance Tests of Grav- 
ijarkiv: 2212. 14879 

A. Hebecker, T. Skrzypek, M. Wittner, The F-term Problem and other Challenges of Stringy Quintessence, JHEP 11 (2019) 134. 
M. Cicoli, F. Cunillera, A. Padilla, F. G. Pedro, Quintessence and the Swampland: The Numerically Controlled Regime of Moduli Space, 
Fortsch. Phys. 70 (4) (2022) 2200008. 

M. Cicoli, F. G. Pedro, G. Tasinato, Natural Quintessence in String Theory, JCAP 07 (2012) 044. 


1475-7516/2012/07/044 
C.-I. Chiang, H. Murayama, Building Supergravity Quintessence Mode|arXiv: 1808 .02279 


F. Denef, A. Hebecker, T. Wrase, de Sitter swampland conjecture and the Higgs potential, Phys. Rev. D 98 (8) (2018) 086004. 
1807 .06581) doi:10.1103/PhysRevD .98.086004 


J. P. Conlon, F. Quevedo, Astrophysical and cosmological implications of large volume string compactifications, JCAP 08 (2007) 019. 


arXiv:0705.3460, doi:10.1088/1475-7516/2007/08/019 
S. A. Abel, M. D. Goodsell, J. Jaeckel, V. V. Khoze, A. Ringwald, Kinetic Mixing of the Photon with Hidden U(1)s in String Phenomenol- 


ogy, JHEP 07 (2008) 124. arXiv:0803.1449 doi:10.1088/1126-6708/2008/07/124 


C. P. Burgess, J. P. Conlon, L.-Y. Hung, C. H. Kom, A. Maharana, F. Quevedo, Continuous Global Symmetries and Hyperweak Interactions 


in String Compactifications, JHEP 07 (2008) 073. arXiv:0805 .4037 |doi:10.1088/1126-6708/2008/07/073 


M. Goodsell, J. Jaeckel, J. Redondo, A. Ringwald, Naturally Light Hidden Photons in LARGE Volume String Compactifications, JHEP 11 


(2009) 027. arXiv:0909.0515) doi:10.1088/1126-6708/2009/11/027 


M. Cicoli, M. Goodsell, J. Jaeckel, A. Ringwald, Testing String Vacua in the Lab: From a Hidden CMB to Dark Forces in Flux Compacti- 


fications, JHEP 07 (2011) 114. |arXiv:1103.3705) doi:10.1007/JHEPO7 (2011) 114 
X. Gan, D. Liu, Cosmologically Varying Kinetic MixingarXiv:2302.03056 


M. Berg, D. Marsh, L. McAllister, E. Pajer, Sequestering in String Compactifications, JHEP 06 (2011) 134. 
B. S. Acharya, A. Maharana, F. Muia, Hidden Sectors in String Theory: Kinetic Mixings, Fifth Forces and Quintessence, JHEP 03 (2019) 
048. 

Y. Akrami, R. Kallosh, A. Linde, V. Vardanyan, The Landscape, the Swampland and the Era of Precision Cosmology, Fortsch. Phys. 


67 (1-2) (2019) 1800075. arXiv: 1808 .09440) doi:10.1002/prop.201800075 


P. Agrawal, G. Obied, P. J. Steinhardt, C. Vafa, On the Cosmological Implications of the String Swampland, Phys. Lett. B 784 (2018) 


271-276. arXiv: 1806 .09718 |doi:10.1016/j .physletb.2018.07.040 


M. Gasperini, F. Piazza, G. Veneziano, Quintessence as a runaway dilaton, Phys. Rev. D 65 (2002) 023508. jarXiv:gr-qc/0108016 
doi:10.1103/PhysRevD .65.023508 


T. Damour, F. Piazza, G. Veneziano, Runaway dilaton and equivalence principle violations, Phys. Rev. Lett. 89 (2002) 081601. 
Y. Olguin-Trejo, S. L. Parameswaran, G. Tasinato, I. Zavala, Runaway Quintessence, Out of the Swampland, JCAP 01 (2019) 031.{arXiv:)| 
1810.08634 

B. Valeixo Bento, D. Chakraborty, S. L. Parameswaran, I. Zavala, Dark Energy in String Theory, POS CORFU2019 (2020) 123. 
doi:10.22323/1.376.0123 

S. Hellerman, N. Kaloper, L. Susskind, String theory and quintessence, JHEP 06 (2001) 003. 


1126-6708/2001/06/003 


T. Rudelius, Asymptotic observables and the swampland, Phys. Rev. D 104 (12) (2021) 126023. arXiv: 2106.09026) |\doi:10.1103/ 


PhysRevD. 104.126023 


S. Dutta, R. J. Scherrer, Hilltop Quintessence, Phys. Rev. D 78 (2008) 123525. |arXiv:0809.4441) doi:10.1103/PhysRevD.78. 


123525 

N. Kaloper, L. Sorbo, Where in the String Landscape is Quintessence, Phys. Rev. D 79 (2009) 043528. 
0.1103/PhysRevD.79.043528 

S. Panda, Y. Sumitomo, S. P. Trivedi, Axions as Quintessence in String Theory, Phys. Rev. D 83 (2011) 083506. 
doi:10.1103/PhysRevD .83.083506 

K. Choi, String or M theory axion as a quintessence, Phys. Rev. D 62 (2000) 043509. 
PhysRevD . 62.043509 

M. B. Green, J. H. Schwarz, E. Witten, SUPERSTRING THEORY. VOL. 2: LOOP AMPLITUDES, ANOMALIES AND PHE- 


T. Banks, M. Dine, The Cosmology of string theoretic axions, Nucl. Phys. B 505 (1997) 445—460. arXiv :hep-th/9608197 


10.1016/S0550-3213(97)00413-6 


T. Banks, M. Dine, M. Graesser, Supersymmetry, axions and cosmology, Phys. Rev. D 68 (2003) 075011. arXiv: hep-ph/0210256 


doi:10.1103/PhysRevD.68.075011 


Be 


179 


[894 
[895 
[896 
[897 


[898 
[899 


[900 


[901 
[902 


[903 


[904 
[905 


[906 
[907 
[908 
[909 
[910 
[911 
[912 
[913 
[914 
[915 
[916 
[917 
[918 
[919 
[920 
[921 
[922 
[923 
[924 
[925 
[926 


[927 


J. P. Conlon, The QCD axion and moduli stabilisation, JHEP 05 (2006) 078. 
S. Kumar, S. Panda, A. A. Sen, Cosmology With Axionic-quintessence Coupled with Dark Matter, Class. Quant. Grav. 30 (2013) 155011. 
M. Emelin, R. Tatar, Axion Hilltops, Kahler Modulus Quintessence and the Swampland Criteria, Int. J. Mod. Phys. A 34 (28) (2019) 


1950164. 

K. Freese, J. A. Frieman, A. V. Olinto, Natural inflation with pseudo - Nambu-Goldstone bosons, Phys. Rev. Lett. 65 (1990) 3233-3236. 

P. Svrcek, Cosmological Constant and Axions in String TheoryjarXiv:hep-th/0607086] 

D. Klaewer, E. Palti, Super-Planckian Spatial Field Variations and Quantum Gravity, JHEP 01 (2017) 088. 
R. Blumenhagen, I. Valenzuela, F. Wolf, The Swampland Conjecture and F-term Axion Monodromy Inflation, JHEP 07 (2017) 145. 

E. Palti, The Weak Gravity Conjecture and Scalar Fields, JHEP 08 (2017) 034. 


M. Kamionkowski, J. Pradler, D. G. E. Walker, Dark energy from the string axiverse, Phys. Rev. Lett. 113 (25) (2014) 251302. 
1409.0549 doi:10.1103/PhysRevLett .113.251302 


G. Shiu, W. Staessens, F. Ye, Large Field Inflation from Axion Mixing, JHEP 06 (2015) 026. arXiv:1503.02965| doi:10.1007/ 


JHEP06 (2015)026 
J. Martin, M. Yamaguchi, DBI-essence, Phys. Rev. D 77 (2008) 123508. |arXiv:0801.3375) doi:10.1103/PhysRevD.77 . 123508 
arXiv:0904.0472| doi:10.1103/PhysRevD. 


B. Gumjudpai, J. Ward, Generalised DBI-Quintessence, Phys. Rev. D 80 (2009) 023528. 
80 . 023528 

Y. Aghababaie, C. P. Burgess, S. L. Parameswaran, F. Quevedo, Towards a naturally small cosmological constant from branes in 6-D 
supergravity, Nuc. Phys. B 680 (2004) 389-414. 


C. P. Burgess, Towards a natural theory of dark energy: Supersymmetric large extra dimensions, AIP Conf. Proc. 743 (1) (2004) 417—449. 


arXiv:hep-th/0411140| doi: 10 .1063/1.1848343 


N. Arkani-Hamed, S. Dimopoulos, G. R. Dvali, The Hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 


263-272. arXiv :hep-ph/9803315||doi :10.1016/80370-2693 (98) 00466-3 


I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, G. R. Dvali, New dimensions at a millimeter to a Fermi and superstrings at a TeV, Phys. 
Lett. B 436 (1998) 257-263. arXiv :hep-ph/9804398 doi: 10 .1016/50370~2693(98)00860-0| 

A. Albrecht, C. P. Burgess, F. Ravndal, C. Skordis, Exponentially large extra dimensions, Phys. Rev. D 65 (2002) 123506. 
doi:10.1103/PhysRevD. 65.123506 

A. Albrecht, C. P. Burgess, F. Ravndal, C. Skordis, Natural quintessence and large extra dimensions, Phys. Rev. D 65 (2002) 123507. 


arXiv:astro-ph/0107573 doi:10.1103/PhysRevD.65. 123507 
Z. Komargodski, N. Seiberg, From Linear SUSY to Constrained Superfields, JHEP 09 (2009) 066. arXiv: 0907.2441, doi:10.1088/ 


1126-6708/2009/09/066 
E. A. Bergshoeff, D. Z. Freedman, R. Kallosh, A. Van Proeyen, Pure de Sitter Supergravity, Phys. Rev. D 92 (8) (2015) 085040, [Erratum: 


Phys Rev.D 93, 069001 (2016). arXiv: 1807. 08264) oi: 10.1103/PhysRevD.93.069001, 

E. Dudas, S. Ferrara, A. Kehagias, A. Sagnotti, Properties of Nilpotent Supergravity, JHEP 09 (2015) 217. 
10.1007/JHEPO9 (2015) 217 

G. Dall’Agata, F. Farakos, Constrained superfields in Supergravity, JHEP 02 (2016) 101. 
M. Schillo, E. van der Woerd, T. Wrase, The general de Sitter supergravity component action, Fortsch. Phys. 64 (2016) 292-302. 
1511.01542 }doi:10.1002/prop201500074 

S. Parameswaran, F. Tonioni, Non-supersymmetric String Models from Anti-D3-/D7-branes in Strongly Warped Throats, JHEP 12 (2020) 
174, 

C. P. Burgess, F. Quevedo, Who’s Afraid of the Supersymmetric Dark? The Standard Model vs Low-Energy Supergravity, Fortsch. Phys. 


70 (7-8) (2022) 2200077. arXiv:2110.13275) doi:10.1002/prop.202200077 


M. Kawasaki, K. Kohri, T. Moroi, A. Yotsuyanagi, Big-Bang Nucleosynthesis and Gravitino, Phys. Rev. D 78 (2008) 065011. 


0804.3745/doi:10.1103/PhysRevD.78.065011 


J. L. Feng, Dark Matter Candidates from Particle Physics and Methods of Detection, Ann. Rev. Astron. Astrophys. 48 (2010) 495-545. 
doi:10.1146/annurev-astro-082708- 101659 

G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby, G. G. Ross, Cosmological Problems for the Polonyi Potential, Phys. Lett. B 131 (1983) 
59-64, 

T. Banks, D. B. Kaplan, A. E. Nelson, Cosmological implications of dynamical supersymmetry breaking, Phys. Rev. D 49 (1994) 779-787. 


arXiv: hep-ph/9308292|doi:10.1103/PhysRevD.49.779 


B. de Carlos, J. A. Casas, F. Quevedo, E. Roulet, Model independent properties and cosmological implications of the dilaton and moduli 


sectors of 4-d strings, Phys. Lett. B 318 (1993) 447-456. arXiv: hep-ph/9308325 doi: 10.1016/0370-2693(93)91538-X 


C. P. Burgess, D. Dineen, F. Quevedo, Yoga Dark Energy: natural relaxation and other dark implications of a supersymmetric gravity 
sector, ICAP 08 (03) (2022) 064 

P. W. Graham, D. E. Kaplan, S. Rajendran, Relaxation of the Cosmological Constant, Phys. Rev. D 100 (1) (2019) 015048. 
doi:10.1103/PhysRevD.100.015048 

S. Sugimoto, Anomaly cancellations in type I D-9 - anti-D-9 system and the USp(32) string theory, Prog. Theor. Phys. 102 (1999) 685-699. 
E. Dudas, J. Mourad, Consistent gravitino couplings in nonsupersymmetric strings, Phys. Lett. B 514 (2001) 173-182. 
0012071) |doi:10.1016/S0370-2693(01)00777-8 


180 


[928 
[929 
[930 
[931 
[932 
[933 
[934 
[935 
[936 
[937 
[938 
[939 
[940 
[941 
[942 


[943 
[944 


[945 


[946 
[947 


[948 
[949 


[950 
[951 


[952 
[953 
[954 
[955 
[956 
[957 
[958 
[959 


[960 
[961 


[962 


I. Antoniadis, E. Dudas, A. Sagnotti, Brane supersymmetry breaking, Phys. Lett. B 464 (1999) 38-45. arXiv: hep-th/9908023 


10.1016/S0370- 2693 (99) 01023-0 
R. Kallosh, T. Wrase, Emergence of Spontaneously Broken Supersymmetry on an Anti-D3-Brane in KKLT dS Vacua, JHEP 12 (2014) 
117. arXiv:1411.1121)\doi:10.1007/JHEP12(2014) 117 


R. Kallosh, B. Vercnocke, T. Wrase, String Theory Origin of Constrained Multiplets, JHEP 09 (2016) 063. arXiv: 1606.09245 
10.1007/ JHEPO9 (2016) 063 
M. P. Garcia del Moral, S. Parameswaran, N. Quiroz, I. Zavala, Anti-D3 branes and moduli in non-linear supergravity, JHEP 10 (2017) 


185. arXiv: 1707 .07059) doi: 10.1007/JHEP10 (2017) 185 


N. Cribiori, C. Roupec, T. Wrase, Y. Yamada, Supersymmetric anti-D3-brane action in the Kachru-Kallosh-Linde-Trivedi setup, Phys. Rev. 
D 100 (6) (2019) 066001. arXiv: 1906.07727| doi:10.1103/PhysRevD. 100.06600i| 
N. Cribiori, S. Parameswaran, F. Tonioni, T. Wrase, Misaligned Supersymmetry and Open Strings, JHEP 04 (2021) 099. 


K. R. Dienes, Modular invariance, finiteness, and misaligned supersymmetry: New constraints on the numbers of physical string states, 


Nucl. Phys. B 429 (1994) 533-588. arXiv: hep-th/9402006) doi:10.1016/0550-3213 (94) 90153-8 


N. Cribiori, S. Parameswaran, F. Tonioni, T. Wrase, Modular invariance, misalignment and finiteness in non-supersymmetric strings, JHEP 


01 (2022) 127. arXiv:2110.11973 |doi:10.1007/JHEPO1 (2022) 127 


K. R. Dienes, Solving the hierarchy problem without supersymmetry or extra dimensions: An Alternative approach, Nucl. Phys. B 611 
(2001) 146-178. arXiv hep=ph/0104274| doi :10. 1016/S0550-3213(01) 0344-3 

S. Kachru, J. Kumar, E. Silverstein, Vacuum energy cancellation in a nonsupersymmetric string, Phys. Rev. D 59 (1999) 106004. 
doi:10.1103/PhysRevD.59.106004 

S. Kachru, E. Silverstein, On vanishing two loop cosmological constants in nonsupersymmetric strings, JHEP 01 (1999) 004. 
S. Abel, R. J. Stewart, Exponential suppression of the cosmological constant in nonsupersymmetric string vacua at two loops and beyond, 
Phys. Rev. D 96 (10) (2017) 106013. arXiv:i70i .06629) doi: 10.1103/PhysRevD.96 . 106013] 

G. Dvali, C. Gomez, On Exclusion of Positive Cosmological Constant, Fortsch. Phys. 67 (1-2) (2019) 1800092. 
T. Rudelius, Conditions for (No) Eternal Inflation, JCAP 08 (2019) 009. 
A. Bedroya, C. Vafa, Trans-Planckian Censorship and the Swampland, JHEP 09 (2020) 123. 
M. Montero, C. Vafa, I. Valenzuela, The Dark Dimension and the SwamplandarXiv:2205 . 12293) 


S. Hannestad, G. G. Raffelt, Supernova and neutron star limits on large extra dimensions reexamined, Phys. Rev. D 67 (2003) 125008, 


[Erratum: Phys.Rev.D 69, 029901 (2004)]. arXiv: hep-ph/0304029) doi:10.1103/PhysRevD . 69.029901 


P. Agrawal, G. Obied, C. Vafa, Ho tension, swampland conjectures, and the epoch of fading dark matter, Phys. Rev. D 103 (4) (2021) 


043523. arXiv: 1906.08261,doi:10.1103/PhysRevD.103.043523 
E. Gonzalo, M. Montero, G. Obied, C. Vafa, Dark Dimension Gravitons as Dark MatterarXiv: 2209 .09249 


L. A. Anchordoqui, I. Antoniadis, D. Lust, Dark dimension, the swampland, and the dark matter fraction composed of primordial black 


holes, Phys. Rev. D 106 (8) (2022) 086001. arXiv:2206.07071 doi:10.1103/PhysRevD.106.086001 


L. Anchordoqui, I. Antoniadis, D. Lust, The Dark Universe: Primordial Black Hole = Dark Graviton Gas ConnectiorlarXiv:2210.02475) 
W. Fischler, A. Kashani-Poor, R. McNees, S. Paban, The Acceleration of the universe, a challenge for string theory, JHEP 07 (2001) 003. 
A. D. Linde, Hybrid inflation, Phys. Rev. D 49 (1994) 748-754. 

E. Halyo, Hybrid quintessence with an end or quintessence from branes and large dimensions, JHEP 10 (2001) 025. 
A. Landete, G. Shiu, Mass Hierarchies and Dynamical Field Range, Phys. Rev. D 98 (6) (2018) 066012. 
10.1103/PhysRevD . 98.066012 

A. Hebecker, P. Henkenjohann, L. T. Witkowski, Flat Monodromies and a Moduli Space Size Conjecture, JHEP 12 (2017) 033. 
1708.06761 


J. Sonner, P. K. Townsend, Recurrent acceleration in dilaton-axion cosmology, Phys. Rev. D 74 (2006) 103508. arXiv: hep-th/0608068 
doi:10.1103/PhysRevD.74. 103508 


C. van de Bruck, J. M. Weller, Quintessence dynamics with two scalar fields and mixed kinetic terms, Phys. Rev. D 80 (2009) 123014. 


arXiv:0910.1934 doi:10.1103/PhysRevD.80.123014 


J. G. Russo, P. K. Townsend, Late-time Cosmic Acceleration from Compactification, Class. Quant. Grav. 36 (9) (2019) 095008. 


1811.03660)|doi:10.1088/1361-6382/ab0804 
M. Cicoli, G. Dibitetto, F. G. Pedro, New accelerating solutions in late-time cosmology, Phys. Rev. D 101 (10) (2020) 103524. 


2002.02695, doi:10.1103/PhysRevD.101.103524 
M. Cicoli, G. Dibitetto, F. G. Pedro, Out of the Swampland with Multifield Quintessence?, JHEP 10 (2020) 035. jarXiv:2007.11011 


doi:10.1007/JHEP10 (2020) 035 
Y. Akrami, M. Sasaki, A. R. Solomon, V. Vardanyan, Multi-field dark energy: Cosmic acceleration on a steep potential, Phys. Lett. B 819 


(2021) 136427. 
M. Brinkmann, M. Cicoli, G. Dibitetto, F. G. Pedro, Stringy multifield quintessence and the SwamplancarXiv: 2206 . 10649 
A. Saltman, E. Silverstein, The Scaling of the no scale potential and de Sitter model building, Er I OU eS EEE] 


J. Blaback, U. Danielsson, G. Dibitetto, S. Giri, Constructing stable de Sitter in M-theory from higher curvature corrections, JHEP 09 


(2019) 042. arXiv:1902.04053) doi:10.1007/JHEPO9 (2019) 042 
181 


[963 


[964 


[965 
[966 


[967 
[968 


[969 
[970 
[971 
[972 
[973 
[974 
[975 
[976 
[977 
[978 
[979 
[980 
[981 


[982 
[983 


[984 
[985 
[986 
[987 
[988 
[989 
[990 
[991 
[992 
[993 


[994 
[995 


[996 


[997 


Y. L. Bolotin, A. Kostenko, O. A. Lemets, D. A. Yerokhin, Cosmological Evolution With Interaction Between Dark Energy And Dark 


Matter, Int. J. Mod. Phys. D 24 (03) (2014) 1530007. arXiv: 1310.0085) doi:10.1142/S0218271815300074 


B. Wang, E. Abdalla, F. Atrio-Barandela, D. Pavon, Dark Matter and Dark Energy Interactions: Theoretical Challenges, Cosmological 


Implications and Observational Signatures, Rept. Prog. Phys. 79 (9) (2016) 096901. |arXiv:1603.08299 |doi:10.1088/0034-4885/ 


9/9/096901 


. Koivisto, D. Wills, I. Zavala, Dark D-brane Cosmology, JCAP 06 (2014) 036. arXiv: 1312.2597 doi:10.1088/1475-7516/2014/ 


6/036 


. D. Bekenstein, The Relation between physical and gravitational geometry, Phys. Rev. D 48 (1993) 3641-3647. arXiv: gr-qc/9211017 


0i:10.1103/PhysRevD. 48.3641 

J. Gomez, E. Hardy, S. Parameswaran, Dark Energy with a little help from its friendsarXiv : 2303 . XXXXX 

E. Hardy, S. Parameswaran, Thermal Dark Energy, Phys. Rev. D 101 (2) (2020) 023503. arXiv: 1907.10141)doi:10.1103/PhysRevD. 
101.023503 


. H. Lyth, E. D. Stewart, Thermal inflation and the moduli problem, Phys. Rev. D 53 (1996) 1784-1798. arXiv :hep-ph/9510204 


oi:10.1103/PhysRevD.53.1784 

. Axenides, K. Dimopoulos, Hybrid dark sector: Locked quintessence and dark matter, JCAP 07 (2004) 010. 
oi:10.1088/1475-7516/2004/07/010 

G. Dvali, S. Kachru, New old inflation, in: From Fields to Strings: Circumnavigating Theoretical Physics: A Conference in Tribute to Ian 
Kogan, 2003, pp. 1131-1155. |arXiv:hep-th/0309095| 

P. K. Townsend, M. N. R. Wohlfarth, Accelerating cosmologies from compactification, Phys. Rev. Lett. 91 (2003) 061302. 
hep-th/0303097 doi:10.1103/PhysRevLett .91.061302 


N. Ohta, Accelerating cosmologies from S-branes, Phys. Rev. Lett. 91 (2003) 061303. 

N. Ohta, A Study of accelerating cosmologies from superstring / M theories, Prog. Theor. Phys. 110 (2003) 269-283. 
304172) doi:10.1143/PTP.110.269 

N. Ohta, Accelerating cosmologies and inflation from M/superstring theories, Int. J. Mod. Phys. A 20 (2005) 1-40. 

0411230 doi:10.1142/S0217751X05021257 

S. Roy, Accelerating cosmologies from M / string theory compactifications, Phys. Lett. B 567 (2003) 322-329. arXiv: hep-th/0304084| 

doi:10.1016/j.physletb.2003.06.060 

R. Emparan, J. Garriga, A Note on accelerating cosmologies from compactifications and S branes, JHEP 05 (2003) 028. 
304124 

M. Gutperle, R. Kallosh, A. D. Linde, M / string theory, S-branes and accelerating universe, JCAP 07 (2003) 001. 
304225 

M. Gutperle, A. Strominger, Space - like branes, JHEP 04 (2002) 018. 


4/018 

P. K. Townsend, Cosmic acceleration and M theory, in: 14th International Congress on Mathematical Physics, 2003, pp. 655-662. |arXiv: | 
ep-th/0308149 

K. Dasgupta, M. Emelin, M. M. Faruk, R. Tatar, de Sitter vacua in the string landscape, Nucl. Phys. B 969 (2021) 115463. 
1908 .05288 doi:10.1016/j.nuclphysb.2021.115463 

P. Marconnet, D. Tsimpis, Universal accelerating cosmologies from 10d supergravit 

J. G. Russo, P. K. Townsend, A dilaton-axion model for string cosmology, JHEP 06 (2022) 001. 
JHEPO6 (2022) 001 

P. K. Townsend, Aether, dark energy and string compactifications, Phil. Trans. Roy. Soc. Lond. A 380 (2230) (2022) 20210185. 
2108 07536 

V. Poulin, T. L. Smith, D. Grin, T. Karwal, M. Kamionkowski, Cosmological implications of ultralight axionlike fields, Phys. Rev. D 98 (8) 


(2018) 083525. arXiv:1806.10608 doi:10.1103/PhysRevD . 98.083525 


V. Poulin, T. L. Smith, T. Karwal, M. Kamionkowski, Early Dark Energy Can Resolve The Hubble Tension, Phys. Rev. Lett. 122 (22) 


(2019) 221301. arXiv:1811.04083 |doi:10.1103/PhysRevLett .122.221301 


F. Niedermann, M. S. Sloth, Hot new early dark energy: Towards a unified dark sector of neutrinos, dark energy and dark matter, Phys. 


Lett. B 835 (2022) 137555. arXiv: 2112.00759) doi:10.1016/j.physletb. 2022. 137555 


E. McDonough, M.-X. Lin, J. C. Hill, W. Hu, S. Zhou, Early dark sector, the Hubble tension, and the swampland, Phys. Rev. D 106 (4) 


(2022) 043525. arXiv:2112.09128 doi:10.1103/PhysRevD.106.043525 
T. Rudelius, Constraints on Early Dark Energy from the Axion Weak Gravity ConjecturearXiv :2203.05575 
E. McDonough, M. Scalisi, Towards Early Dark Energy in String TheoryarXiv:2209.00011 


M. Cicoli, M. Licheri, R. Mahanta, E. McDonough, F. G. Pedro, M. Scalisi, Early Dark Energy in Type IIB String TheoryarXiv: 2303. 


M. Gasperini, G. Veneziano, The Pre - big bang scenario in string cosmology, Phys. Rept. 373 (2003) 1-212. arXiv: hep-th/0207130 
doi:10.1016/S0370- 1573 (02) 00389-7 


J.-L. Lehners, Ekpyrotic and Cyclic Cosmology, Phys. Rept. 465 (2008) 223-263. |arXiv:0806.1245) |doi:10.1016/j.physrep. 


2008.06.001 


R. H. Brandenberger, String Gas Cosmology, 2008. arXiv :0808.0746 
T. Battefeld, S. Watson, String gas cosmology, Rev. Mod. Phys. 78 (2006) 435-454. |arXiv:hep-th/0510022 \doi:10.1103/ 


RevModPhys.78.435 


R. Brandenberger, P. Peter, Bouncing Cosmologies: Progress and Problems, Found. Phys. 47 (6) (2017) 797-850. arXiv: 1603.05834 
doi:10.1007/s10701-016-0057-0 


P. McFadden, K. Skenderis, Holography for Cosmology, Phys. Rev. D 81 (2010) 021301.|arXiv:0907.5542 \doi:10.1103/PhysRevD. 
182 


a) slo) sN 


a| 2/2) 0 


: 


a 


fo} 


[=z 


: 


[998 
[999 
1000 
1001 
1002 


1003 
1004 


1005 
1006 
1007 
1008 
1009 


1010 
1011 


1012 
1013 
1014 
1015 
1016 
1017 


1018 
1019 


1020 
1021 
1022 
1023 
1024 
1025 
1026 
1027 
1028 
1029 
1030 
1031 


1032 


81.021301 
H. Nastase, K. Skenderis, Holography for the very early Universe and the classic puzzles of Hot Big Bang cosmology, Phys. Rev. D 101 (2) 


(2020) 021901. 
T. Damour, M. Henneaux, Chaos in superstring cosmology, Phys. Rev. Lett. 85 (2000) 920-923. 
T. Damour, M. Henneaux, H. Nicolai, Cosmological billiards, Class. Quant. Grav. 20 (2003) R145—R200. 
L. Cornalba, M. S. Costa, Time dependent orbifolds and string cosmology, Fortsch. Phys. 52 (2004) 145-199. 
V. E. Hubeny, X. Liu, M. Rangamani, S. Shenker, Comments on cosmic censorship in AdS / CFT, JHEP 12 (2004) 067. 
W. Fischler, L. Susskind, Holography and cosmolog 
B. Craps, Big Bang Models in String Theory, Class. Quant. Grav. 23 (2006) S849-S881. 
M. Berkooz, D. Reichmann, A Short Review of Time Dependent Solutions and Space-like Singularities in String Theory, Nucl. Phys. B 
Proc. Suppl. 171 (2007) 69-87. 

S. Kalyana Rama, Can string theory avoid cosmological singularities?, Phys. Lett. B 408 (1997) 91-97. 
F. Englert, L. Houart, A. Kleinschmidt, H. Nicolai, N. Tabti, An E(9) multiplet of BPS states, JHEP 05 (2007) 065. 
J. L. F. Barbon, E. Rabinovici, Holographic complexity and spacetime singularities, JHEP 01 (2016) 084. 
N. Engelhardt, T. Hertog, G. T. Horowitz, Further Holographic Investigations of Big Bang Singularities, JHEP 07 (2015) 044. 


R. C. Myers, New Dimensions for Old Strings, Phys. Lett. B 199 (1987) 371-376. (doi : 10 . 1016/0370-2693 (87)90936-1 


I. Antoniadis, C. Bachas, J. R. Ellis, D. V. Nanopoulos, An Expanding Universe in String Theory, Nucl. Phys. B 328 (1989) 117-139. 


doi:10.1016/0550-3213(89)90095-3 
M. T. Mueller, Rolling Radii and a Time Dependent Dilaton, Nucl. Phys. B 337 (1990) 37-48. doi: 10 . 1016/0550-3213 (90) 90249-D 


A. Kehagias, E. Kiritsis, Mirage cosmology, JHEP 11 (1999) 022.\arXiv:hep-th/9910174 |doi:10.1088/1126-6708/1999/11/022 


V. A. Belinsky, I. M. Khalatnikov, E. M. Lifshitz, Oscillatory approach to a singular point in the relativistic cosmology, Adv. Phys. 19 


(1970) 525-573. doi: 10.1080/00018737000101171 


V. a. Belinsky, I. m. Khalatnikov, E. m. Lifshitz, A General Solution of the Einstein Equations with a Time Singularity, Adv. Phys. 31 
(1982) 639-667. doi 10. 1080/00018738200101428 

V. Belinski, M. Henneaux, The Cosmological Singularity, Cambridge Monogr.Math.Phys., Cambridge Univ. Pr., Cambridge, 2017. 
10.1017/9781107239333 

O. Hohm, B. Zwiebach, Duality invariant cosmology to all orders in a’, Phys. Rev. D 100 (12) (2019) 126011. 
V. A. Rodriguez, A Two-Dimensional String CosmologyarXiv: 2302 . 06625] 

R. H. Brandenberger, C. Vafa, Superstrings in the Early Universe, Nucl. Phys. B 316 (1989) 391-410. 


90037-0 

R. H. Brandenberger, A. Nayeri, S. P. Patil, C. Vafa, String gas cosmology and structure formation, Int. J. Mod. Phys. A 22 (2007) 
3621-3642. jarKiv:hep-th/0608i21 doi 10. 1142/80217761K07037159| 

G. W. Gibbons, The Dimensionality of Space-Time, in: Paris-Meudon Colloquium on String Theory, Quantum Cosmology and Quantum 
Gravity, 1986. 

M. Sakellariadou, Numerical experiments on string cosmology, Nucl. Phys. B 468 (1996) 319-335. 


10.1016/0550-3213(96)00123-X 
B. Greene, D. Kabat, S. Marnerides, Dynamical Decompactification and Three Large Dimensions, Phys. Rev. D 82 (2010) 043528./arXiv:| 


0908.0955/doi:10.1103/PhysRevD .82.043528 


B. Greene, D. Kabat, S. Marnerides, On three dimensions as the preferred dimensionality of space via the Brandenberger-Vafa mechanism, 


Phys. Rev. D 88 (2013) 043527. arXiv:1212.2115 doi:10.1103/PhysRevD . 88.043527 


S. Alexander, R. H. Brandenberger, D. A. Easson, Brane gases in the early universe, Phys. Rev. D 62 (2000) 103509. 


0005212 doi:10.1103/PhysRevD .62.103509 


R. Easther, B. R. Greene, M. G. Jackson, D. N. Kabat, Brane gas cosmology in M theory: Late time behavior, Phys. Rev. D 67 (2003) 


123501. arXiv: hep-th/0211124 doi:10.1103/PhysRevD .67.123501 


R. Easther, B. R. Greene, M. G. Jackson, D. N. Kabat, Brane gases in the early universe: Thermodynamics and cosmology, JCAP 01 
(2004) 006. 

S. Abel, K. Freese, I. I. Kogan, Hagedorn inflation: Open strings on branes can drive inflation, Phys. Lett. B 561 (2003) 1-9. 
doi: 10. 1016/S0370- 2693 (03) 00414-3 


G. Veneziano, Scale factor duality for classical and quantum strings, Phys. Lett. B 265 (1991) 287-294. doi:10.1016/0370-2693(91) 


90055-U 


M. Gasperini, G. Veneziano, Pre - big bang in string cosmology, Astropart. Phys. 1 (1993) 317-339. arXiv: hep-th/9211021 
10.1016/0927-6505 (93) 90017-8 
M. Gasperini, G. Veneziano, String Theory and Pre-big bang Cosmology, Nuovo Cim. C 38 (5) (2016) 160. arXiv: hep-th/0703055 


doi:10.1393/ncc/i2015-15160-8 
J. Khoury, B. A. Ovrut, P. J. Steinhardt, N. Turok, The Ekpyrotic universe: Colliding branes and the origin of the hot big bang, Phys. Rev. 


183 


1033 


1034 


1035 


1036 
1037 


1038 


1039 


1040 


1041 


1042 


1043 


1044 


1045 


1046 


1047 


1048 


1049 


1050 


1051 


1052 


1053 


1054 


1055 


1056 


1057 


1058 


1059 


1060 


1061 


1062 


1063 


1064 


1065 


1066 


D 64 (2001) 123522, [arXiv hep=th/0108239)(doi 10 1103/PhysRew. 64. 123622 
J. Khoury, B. A. Ovrut, N. Seiberg, P. J. Steinhardt, N. Turok, From big crunch to big bang, Phys. Rev. D 65 (2002) 086007. 
P. J. Steinhardt, N. Turok, N. Turok, A Cyclic model of the universe, Science 296 (2002) 1436-1439. 
E. I. Buchbinder, J. Khoury, B. A. Ovrut, New Ekpyrotic cosmology, Phys. Rev. D 76 (2007) 123503. 
10.1103/PhysRevD . 76. 123503 

A. Sen, Rolling tachyon, JHEP 04 (2002) 048. 

A. Sen, Tachyon dynamics in open string theory, Int. J. Mod. Phys. A 20 (2005) 5513-5656. 
$0217751X0502519X 

G. W. Gibbons, Cosmological evolution of the rolling tachyon, Phys. Lett. B 537 (2002) 1-4. 
T. Padmanabhan, Accelerated expansion of the universe driven by tachyonic matter, Phys. Rev. D 66 (2002) 021301. 
doi:10.1103/PhysRevD .66.021301 

A. V. Frolov, L. Kofman, A. A. Starobinsky, Prospects and problems of tachyon matter cosmology, Phys. Lett. B 545 (2002) 8-16. 
doi: 10. 1016/S0370- 2693 (02) 02582-0 

M. Fairbairn, M. H. G. Tytgat, Inflation from a tachyon fluid?, Phys. Lett. B 546 (2002) 1-7. 
S0370- 2693 (02) 02638-2 

D. Cremades, F. Quevedo, A. Sinha, Warped tachyonic inflation in type IIB flux compactifications and the open-string completeness 


conjecture, JHEP 10 (2005) 106. arXiv: hep-th/0505252) doi: 10.1088/1126-6708/2005/10/106 


A. Adams, J. Polchinski, E. Silverstein, Don’t panic! Closed string tachyons in ALE space-times, JHEP 10 (2001) 029. 
0108075 doi:10.1088/1126-6708/2001/10/029 


D. Choudhury, D. Ghoshal, D. P. Jatkar, S. Panda, On the cosmological relevance of the tachyon, Phys. Lett. B 544 (2002) 231-238. 
arXiv:hep-th/0204204) doi:10.1016/S0370-2693(02)02512-1 
G. Shiu, I. Wasserman, Cosmological constraints on tachyon matter, Phys. Lett. B 541 (2002) 6-15. arXiv: hep-th/0205003 


10.1016/S0370-2693(02)02195-0 
C. Grojean, F. Quevedo, G. Tasinato, I. Zavala, Branes on charged dilatonic backgrounds: Selftuning, Lorentz violations and cosmology, 


JHEP 08 (2001) 005. arXiv: hep-th/0106120| doi:10.1088/1126-6708/2001/08/005 


C. P. Burgess, F. Quevedo, S. J. Rey, G. Tasinato, I. Zavala, Cosmological space-times from negative tension brane backgrounds, JHEP 10 


(2002) 028. 
L. Cornalba, M. S. Costa, C. Kounnas, A Resolution of the cosmological singularity with orientifolds, Nucl. Phys. B 637 (2002) 378-394. 
doi:10.1016/S0550- 3213 (02) 00446-7 

L. Cornalba, M. S. Costa, A New cosmological scenario in string theory, Phys. Rev. D 66 (2002) 066001. 


C. Kounnas, H. Partouche, N. Toumbas, S-brane to thermal non-singular string cosmology, Class. Quant. Grav. 29 (2012) 095014. arXiv: | 
1111.5816 

C. de Rham, S. Kundu, M. Reece, A. J. Tolley, S.-Y. Zhou, Snowmass White Paper: UV Constraints on IR Physics, in: 2022 Snowmass 
Summer Study, 2022. 

E. Palti, The Swampland: Introduction and Review, Fortsch. Phys. 67 (6) (2019) 1900037. 


201900037 

M. van Beest, J. Calderón-Infante, D. Mirfendereski, I. Valenzuela, Lectures on the Swampland Program in String Compactifica- 
tionfarXiv:2102.01111] 

M. Grana, A. Herraez, The Swampland Conjectures: A Bridge from Quantum Gravity to Particle Physics, Universe 7 (8) (2021) 273. 
doi: 10.3390/universe7080273 

T. Banks, L. J. Dixon, Constraints on String Vacua with Space-Time Supersymmetry, Nucl. Phys. B 307 (1988) 93-108. 
0550-3213 (88) 90523-8 


D. Harlow, B. Heidenreich, M. Reece, T. Rudelius, The Weak Gravity Conjecture: A ReviewarXiv: 2201 .08380 
J. McNamara, C. Vafa, Cobordism Classes and the SwamplancarXiv:1909.10355 


R. Angius, J. Calder6n-Infante, M. Delgado, J. Huertas, A. M. Uranga, At the end of the world: Local Dynamical Cobordism, JHEP 06 


(2022) 142. 
R. Angius, M. Delgado, A. M. Uranga, Dynamical Cobordism and the beginning of time: supercritical strings and tachyon condensation, 
JHEP 08 (2022) 285. 

G. Buratti, J. Calderón, A. M. Uranga, Transplanckian axion monodromy!?, JHEP 05 (2019) 176. 
H. Ooguri, C. Vafa, Non-supersymmetric AdS and the Swampland, Adv. Theor. Math. Phys. 21 (2017) 1787-1801. 
J. M. Maldacena, J. Michelson, A. Strominger, Anti-de Sitter fragmentation, JHEP 02 (1999) 011. 
S. Giombi, E. Perlmutter, Double-Trace Flows and the Swampland, JHEP 03 (2018) 026. 


V. Gurucharan, S. Prakash, Anomalous dimensions in non-supersymmetric bifundamental Chern-Simons theories, JHEP 09 (2014) 009, 


[Erratum: JHEP 11, 045 (2017)]. arXiv: 1404.7849 doi:10.1007/JHEPO9 (2014) 009 


H. Bernardo, S. Brahma, K. Dasgupta, R. Tatar, Purely nonperturbative AdS vacua and the swampland, Phys. Rev. D 104 (8) (2021) 


086016. arXiv: 2104.10186,doi:10.1103/PhysRevD.104.086016 
M. Montero, M. Rocek, C. Vafa, Pure Supersymmetric AdS and the SwamplancarXiv:2212.01697 


184 


1067 


1068 


1069 
1070 


1071 
1072 


1073 
1074 


1075 
1076 
1077 
1078 
1079 
1080 
1081 
1082 


1083 
1084 


1085 


1086 


1087 


1088 


1089 


1090 


1091 
1092 


1093 


1094 


1095 


1096 


1097 


1098 


1099 


1100 


1101 


1102 


1103 


1104 


A. Bedroya, R. Brandenberger, M. Loverde, C. Vafa, Trans-Planckian Censorship and Inflationary Cosmology, Phys. Rev. D 101 (10) 
(2020) 103502 

N. Kaloper, J. Scargill, Quantum Cosmic No-Hair Theorem and Inflation, Phys. Rev. D 99 (10) (2019) 103514. 
G. Dvali, A. Kehagias, A. Riotto, Inflation and DecouplingarXiv: 2005. 05146| 

C. P. Burgess, S. P. de Alwis, F. Quevedo, Cosmological Trans-Planckian Conjectures are not Effective, JCAP 05 (2021) 037. 
I. Komissarov, A. Nicolis, J. Staunton, Cosmology as a weak gravitational field and the trans-Planckian proble 

O. Lacombe, S. Mukohyama, Multi-scalar theories of gravity with direct matter couplings and their parametrized post-Newtonian param- 


etersarXiv:2302.08941 
E. Witten, Instability of the Kaluza-Klein Vacuum, Nucl. Phys. B 195 (1982) 481-492. doi:10.1016/0550-3213 (82) 90007-4 
arXiv:1002.4408 


J. J. Blanco-Pillado, B. Shlaer, Bubbles of Nothing in Flux Compactifications, Phys. Rev. D 82 (2010) 086015. 
A. R. Brown, A. Dahlen, On ‘nothing’ as an infinitely negatively curved spacetime, Phys. Rev. D 85 (2012) 104026. 
I. n. Garcia Etxebarria, M. Montero, K. Sousa, I. Valenzuela, Nothing is certain in string compactifications, JHEP 12 (2020) 032. 
A. Vilenkin, Creation of Universes from Nothing, Phys. Lett. B 117 (1982) 25-28. 
A. Vilenkin, The Birth of Inflationary Universes, Phys. Rev. D 27 (1983) 2848. doi:10.1103/PhysRevD . 27 . 2848 
A. Vilenkin, Quantum Creation of Universes, Phys. Rev. D 30 (1984) 509-511. doi:10.1103/PhysRevD. 30.509 
J. B. Hartle, S. W. Hawking, Wave Function of the Universe, Phys. Rev. D 28 (1983) 2960-2975. 
A. D. Linde, Quantum Creation of the Inflationary Universe, Lett. Nuovo Cim. 39 (1984) 401-405. doi: 10.1007/BF02790571 

V. A. Rubakov, Quantum cosmology, NATO Sci. Ser. C 565 (2001) 63-73. 
978-94-010-0540-1_4 

J. Hartle, The Genesis of the No-Boundary Wave Function of the UniversdarXiv:2202.07020) 

J. Hartle, T. Hertog, Anthropic bounds on A from the no-boundary quantum state, Phys. Rev. D 88 (12) (2013) 12351 6.|arXiv: 1309.0493] 
doi:10.1103/PhysRevD. 88. 123516 

M. Kleban, M. Schillo, Spatial Curvature Falsifies Eternal Inflation, JCAP 06 (2012) 029. 
1475-7516/2012/06/029 

M. C. Johnson, M. B. Paranjape, A. Savard, N. Tapia-Arellano, Stable, thin wall, negative mass bubbles in de Sitter space-time, Gen. Rel. 


Grav. 52 (8) (2020) 80. arXiv:1910.01774 doi:10.1007/s10714-020-02732-9 


H. Ooguri, C. Vafa, E. P. Verlinde, Hartle-Hawking wave-function for flux compactifications, Lett. Math. Phys. 74 (2005) 311-342. 


arXiv:hep-th/0502211)|\doi:10.1007/s11005-005-0022-x 


R. Brustein, S. P. de Alwis, The Landscape of string theory and the wave function of the universe, Phys. Rev. D 73 (2006) 046009. 


doi:10.1103/PhysRevD.73.046009 

J. Maldacena, A model with cosmological Bell inequalities, Fortsch. Phys. 64 (2016) 10-23. 
201500097 

S. Choudhury, S. Panda, R. Singh, Bell violation in the Sky, Eur. Phys. J. C 77 (2) (2017) 60. 
D. Anninos, De Sitter Musings, Int. J. Mod. Phys. A 27 (2012) 1230013. 

B. Freivogel, V. E. Hubeny, A. Maloney, R. C. Myers, M. Rangamani, S. Shenker, Inflation in AdS/CFT, JHEP 03 (2006) 007. 
A. Bzowski, P. McFadden, K. Skenderis, Holography for inflation using conformal perturbation theory, JHEP 04 (2013) 047. 
1211.4550 

N. Kundu, A. Shukla, S. P. Trivedi, Constraints from Conformal Symmetry on the Three Point Scalar Correlator in Inflation, JHEP 04 
(2015) 061. 

A. Strominger, The dS / CFT correspondence, JHEP 10 (2001) 034. 


A. Strominger, Inflation and the dS / CFT correspondence, JHEP 11 (2001) 049. 
M. Alishahiha, A. Karch, E. Silverstein, D. Tong, The dS/dS correspondence, AIP Conf. Proc. 743 (1) (2004) 393—409. 
X. Dong, B. Horn, E. Silverstein, G. Torroba, Micromanaging de Sitter holography, Class. Quant. Grav. 27 (2010) 245020. 
T. Banks, W. Fischler, Holographic cosmology 3.0, Phys. Scripta T 117 (2005) 56—63. 
S. Ryu, T. Takayanagi, Holographic derivation of entanglement entropy from AdS/CFT, Phys. Rev. Lett. 96 (2006) 181602. 
V. E. Hubeny, M. Rangamani, T. Takayanagi, A Covariant holographic entanglement entropy proposal, JHEP 07 (2007) 062. 
0705.0016 

T. Faulkner, A. Lewkowycz, J. Maldacena, Quantum corrections to holographic entanglement entropy, JHEP 11 (2013) 074. 
N. Engelhardt, A. C. Wall, Quantum Extremal Surfaces: Holographic Entanglement Entropy beyond the Classical Regime, JHEP 01 (2015) 
073. arXiv: 1408.3203|[do1 :10. 1007/JREPO1 (2015)073 

G. Penington, Entanglement Wedge Reconstruction and the Information Paradox, JHEP 09 (2020) 002. 


185 


g 


1105 


1106 


1107 


1108 


1109 


1110 
1111 
1112 


1113 
1114 
1115 
1116 
1117 
1118 
1119 


1120 


1121 
1122 


10.1007/JHEPO9 (2020) 002 
A. Almheiri, N. Engelhardt, D. Marolf, H. Maxfield, The entropy of bulk quantum fields and the entanglement wedge of an evaporating 


black hole, JHEP 12 (2019) 063. arXiv: 1908. 08762 |doi :10. 1007/JHEP12(2019)063 
A. Almheiri, T. Hartman, J. Maldacena, E. Shaghoulian, A. Tajdini, The entropy of Hawking radiation, Rev. Mod. Phys. 93 (3) (2021) 
035002. 

M. Van Raamsdonk, Comments on wormholes, ensembles, and cosmology, JHEP 12 (2021) 156. 
T. Hartman, Y. Jiang, E. Shaghoulian, Islands in cosmology, JHEP 11 (2020) 111. 
(111) 

Y. Chen, V. Gorbenko, J. Maldacena, Bra-ket wormholes in gravitationally prepared states, JHEP 02 (2021) 009. 
M. Van Raamsdonk, Cosmology from confinement?, JHEP 03 (2022) 039. 


V. Pasquarella, F. Quevedo, Vacuum Transitions in Two-Dimensions and their Holographic Interpretatio: 
R. Bousso, E. Wildenhain, Islands in closed and open universes, Phys. Rev. D 105 (8) (2022) 086012. arXiv:2202.05278 


10.1103/PhysRevD .105.086012 
arXiv:2112.12156 


S. Leutheusser, H. Liu, Emergent times in holographic dualit 

E. Witten, Gravity and the crossed product, JHEP 10 (2022) 008. 
V. Chandrasekaran, G. Penington, E. Witten, Large N algebras and generalized entrop 

V. Chandrasekaran, R. Longo, G. Penington, E. Witten, An Algebra of Observables for de Sitter SpaccarXiv : 2206 . 10780) 
S. Leutheusser, H. Liu, Subalgebra-subregion duality: emergence of space and time in holograph 
J. Cotler, A. Strominger, Cosmic ER=EPR in dS/CFTjarXiv: 2302. 00632] 


T. Banks, W. Fischler, S. H. Shenker, L. Susskind, M theory as a matrix model: A Conjecture, Phys. Rev. D 55 (1997) 5112-5128. 


arXiv: hep-th/9610043 |doi:10.1103/PhysRevD.55.5112 
N. Ishibashi, H. Kawai, Y. Kitazawa, A. Tsuchiya, A Large N reduced model as superstring, Nucl. Phys. B 498 (1997) 467-491. 


hep-th/9612115 doi:10.1016/S0550-3213(97) 00290-3 
S. Brahma, R. Brandenberger, S. Laliberte, BFSS Matrix Model Cosmology: Progress and ChallengesarXiv : 2210.07288 
S. W. Hawking, T. Hertog, A Smooth Exit from Eternal Inflation?, JHEP 04 (2018) 147. arXiv:1707.07702, doi:10.1007/ 


JHEP04 (2018) 147 


186 


